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ABSTRACT 

 

            The Bemisia tabaci (Gennadius) sibling species group is known to comprise several 

morphologically undistinguishable mitotypes which can be separated into seven major 

phylogeographic clades using the 3' half of the mitochondrial cytochrome oxidase I gene. B. 

tabaci is the only vector of begomoviruses; it transmits the complex of viruses that cause the 

cotton leaf curl disease, which has rapidly spread from Pakistan to the Philippines, at southeast 

of Asia, in the last decade. The study of B. tabaci mitotypes has been limited to variants of 

worldwide distribution and those associated to agroecosystems, however, the study of indigenous 

mitotypes has been scarce. This dissertation provides a comprehensive study of the 

phylogeography and population biology of mitotypes belonging to two major phylogeographic 

clades, the Asia II and the Americas. The Asia II major clade contains the highest number of 

mitotypes, in contrast, there is a large gap in knowledge about mitotypes associated to highly 

endemistic niches in the Americas. 

To study the population biology of mitotypes belonging to the Asia II major 

phylogeographic clade, two fragments of the mtCOI gene were amplified by polymerase chain 

reaction (PCR) for adult whiteflies sampled from mono and multi-cropping systems in the 

provinces of Punjab and Sindh in Pakistan. Phylogenetic analyses suggested that three 

indigenous mitotypes were distinctively distributed across ecosystems of Pakistan. The Asia II-5 

and II-7 were found restricted to multi-cropping systems of Lahore, while the Asia II-1 was 

found widespread throughout the cotton growing region of Pakistan. Moreover, population 

analyses suggested the Asia II-1 is undergoing demographic expansion following a recent 

selective sweep or bottleneck. This event explains the predominance of Asia II-1 in Pakistan and 

its spread towards the southern province of Sindh. Additionally, differences in DNA 
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polymorphism and diversity between mtCOI fragments derived in dissimilar evolutionary 

pairwise distances, suggestive of future implications in the “species” delimitation at a global 

scale when choosing one fragment over the other. The endosymbiotic bacteria assemblages 

associated to indigenous mitotypes Asia II-1, II-5 and II-7 were studied by analysis of 16S rRNA 

profiles. Besides the primary symbiont Portiera, Arsenophonus was detected almost fixed in the 

studied populations and several unique strains of Arsenophonus were detected in Asia II-5 and 

II-7, suggesting possible unique environmental adaptation capacities of these mitotypes. 

Hierarchical clustering of 16S rRNA profiles, proposed host-based and environmental-related 

differentiation. Additionally, the disruption of parallel cladogenesis between the primary 

symbiont and B. tabaci, disallows rejection of the hypothesis that gene flow among B. tabaci 

mitotypes occurs. 

To study the population biology of indigenous mitotypes belonging to the Americas 

major clade, adult whiteflies were sampled from ecosystems of nine provinces in Ecuador. Based 

on phylogenetic analyses, three indigenous and one invasive mitotype were detected. Among the 

indigenous, a previously unrecognized mitotype, named ECU3, was found. Moreover, mitotypes 

were found coexisting in five locations, and the invasive B is thought to have displaced endemic 

mitotypes to the northern and eastern coastal habitats of Ecuador. 
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CHAPTER 1: INTRODUCTION   

The Bemisia tabaci sibling species group conundrum. 

Importance of Bemisia tabaci as an agricultural pest and virus vector, nearly 

worldwide. 

The Bemisia tabaci sibling species group (s.s.g.) (Brown 2009, Gill and Brown 2009) 

refers to a number of morphologically undistinguishable biological variants of worldwide 

distribution in tropical and sub-tropical regions (Mound and Halsey 1978). Several variants 

associated with agricultural systems are important pests and vectors of plant viruses (Jones 2003, 

Navas-Castillo et al. 2011), and two of them, referred to as the B and Q mitotypes, are 

considered  to be invasive pests on a global scale by the International Union for the Conservation 

of Nature and Natural Resources (IUCN, http://www.iucngisd.org/gisd/). 

From late 1920s to early the 1980s, an endemic B. tabaci was considered to be a sporadic 

pest, however, its role as important vector of plant viruses began to be recognized in many 

locadtions, worldwide, including in Brazil (Orlando and Silberschmidt 1946, Costa et al. 1975, 

Costa and Bennet 1950), India (Husain and Trehan 1933, Husain et al. 1936), Nigeria 

(Farquharson in 1912), Sudan (Kirkpatrick 1931, Massey and Andrews 1932, Tarr 1951, Pearson 

1958, Mound 1965), and then in the Caribbean region (Bird 1957, Brown and Bird 1992), 

Central America (Bird and Maramorosch 1978), and sub-Saharan Africa (Hollings et al. 1976) .   

B. tabaci was first identified in the United States, in Florida during the 1890’s, owing to 

its importance as pest of sweetpotato (Quaintance 1900, Gill 2012).  By the 1950’s it was 

recognized as a secondary pest of cotton in Mexico and the deserts of the southwest US (Butler 

et al. 1985). During the early 1980’s, unprecedented outbreaks of B. tabaci were reported in the 
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US southwestern deserts of Arizona and California, and Northwestern Mexico, together with the 

first reports of widespread begomovirus and closterovirus infection of cotton and vegetable 

crops, resulting in unprecedented losses (Brown 1984, Brown and Nelson 1984, 1986).   

The whitefly B. tabaci gained attention again in Florida, USA during the  mid-1980’s 

following an outbreak of  the newly discovered, whitefly-transmitted Tomato mottle virus 

(Abouzid et al. 1992), which was linked to the  discovery in ~1988-89 that the B. tabaci variant 

found in Florida had been introduced on poinsettia and other ornamental plants throughout the 

southern and southwestern states in the US (Costa and Brown 1990, Hamon and Salguero 1987, 

Byrne and Miller 1990). Using isozyme analysis to detect protein polymorphims, it was 

discovered to represent an exotic introduction, referred to as the B biotype (now mitotype) 

(Costa and Brown 1990, 1991).  By 1990, it had displaced the endemic A biotype (mitotype) in 

Arizona and California cropping systems (Costa et al. 1993). Simultaneously, the exotic B 

biotype was identified in the Caribbean Basin, and then in Central and South America (Brown et 

al. 1995b). During the ten-year outbreak in the US, the B biotype was estimated to cause 200 to 

500 million dollars in losses in Arizona, California, Florida, and Texas (Gould 2008).  

Currently, B. tabaci causes crop loss throughout much of the subtropics and tropics, and 

in mild climatic locales, worldwide, where yields are reduced by 50% to 100%, in most 

instances, owing to plant viruses that are transmitted by B. tabaci (Brown et al. 1995b, Byrne and 

Bellows 1991, Legg et al. 2006, 2014, Stansley and Naranjo 2010). Presently, the greatest 

economic losses are due to diseases caused by members of the genus, Begomovirus (family, 

Geminiviridae) (Brown et al. 2015), which it transmits, including African cassava mosaic virus 

in sub-Saharan Africa (Legg and Fauquete 2004, Legg et al. 2017), the cotton leaf curl virus 

complex (Leke et al. 2013, Mansoor et al. 2003b, Brown et al. 2017) in Pakistan and India, and 
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Tomato yellow leaf curl virus from Israel, which has been introduced into vegetable-growing 

areas worldwide (see references in: Brown 2007). 

The B. tabaci group constitute a sibling or cryptic species 

Bemisia  tabaci was first identified by Panayiotis Gennadius in whitefly-infested tobacco 

fields in Agrinio, Greece in 1889.  Gennadius (1889) described this whitefly as a new species,  

and proposed the binomial, Aleurodes tabaci.  The genus Aleurodes was initially proposed for 

this whitefly by Burmeister in 1835, taken from this word which is of Greek origin, and had 

previously been used by Latreille in 1796 to refer generally to insects now considered to be 

whiteflies. Also, during the late 1890’s, the American entomologist Altus Quaintance collected 

whiteflies from Physalis sp., Abelmoschus esculentus and Ipomoea batatas in Florida, and 

described them as a new species named Aleurodes inconspicua. The greek spelling of the genus 

name continued to be used until the early 1900’s, when it was replaced by the genus name, 

Aleyrodes, which continues to be used today. In 1914, Quaintance and Baker moved A. 

inconspicua to the newly created genus, Bemisia, to honor the American entomologist Florence 

Eugene Bemis, and encouraged the further taxonomic revision of the species, A. tabaci, which he 

suggested did not belong to either the genus Bemisia or Aleyrodes based on the available 

descriptions. During the next two decades, at least fourteen new Bemisia species were described 

(Corbett 1926, 1935, 1936, Bondar 1928, Misra and Singh 1929, Singh 1931, Takahashi 1933, 

Priesner and Hosny 1934, Frappa 1938, 1939).  Following Quaintance’s recommendation to 

further study the taxonomy of A. tabaci, in 1936, Takahashi re-located the species within the 

genus, Bemisia. Additional species were synonimyzed by Takahashi (1936) into the newly 

erected binomial, B. tabaci, including B. gossyperda and B. hibisci, however, these were later 

treated as valid species in 1955 (Takahashi 1955). In 1957, Russell corroborated the 
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synonimization of B. gossyperda and B. hibisci, and placed nine other species within the taxon, 

B. tabaci, including B. inconspicua, the type species that had been described by Quaintance in 

1900. Presently, twenty species have been re-assigned to the B. tabaci taxon, including variants 

previously placed in the genera, Aleyrodes, Lypaleurodes and Cortesiana (Danzig 1964, Goux 

1988, Dubey and David 2009, Martin and Mound 2007).  

Since its discovery, the systematics and taxonomy of the B. tabaci has been confounded, 

in part, owing to the lack of robust morphological characters in the adult stage of whiteflies. This 

cryptic nature may represent the outcome of porous species boundaries (gene flow) between 

these variants, which are thought by some to be in early stages of speciation or in certain 

instances, processes may have come to completion (Hadjistylli et al. 2009, Hsieh et al. 2014). As 

such, minor differences found in  the 4th instar or other immature stages have been historically 

used to classify the Aleyrodids (Takahashi 1936, Russell 1948). The taxonomic value of features 

of the 4th instar or “pupae” have been questioned because its morphology can be highly variable 

in response to environmental conditions (Gill 1990). This phenotypic plasticity of the puparium 

stage of aleyrodids have been widely documented. Takahashi (1933) and Russell (1948) reported 

that differences in papillae and setae within a species are correlated to the plant leaf structure 

(i.e.: glabrous versus hairy leaves).  To test this experimentally Mound (1963) and Mohanty and 

Basu (1986) reared B. tabaci on different hosts and demonstrated polyphenism. The mechanism 

of variation in response to host leaves structure was studied by Neal and Bentz (1999) for the B 

mitotype of B. tabaci and the greenhouse whitefly Trialeurodes vaporariorum, who 

demonstrated that the morphological variation observed in the puparium stage was heavily 

influenced by the level of expansion of the host leaf under which the 1st instar nymphs hatch. 

They also demonstrated a possible basis for this phenomenon that could be attributable to 
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cuticular lipid composition, directly influenced by the particular whitefly host plant species (Neal 

et al. 1994). 

Historically, the cryptic nature of this whitefly has led to numerous historical 

synonimizations that presently consititute the genus and species, B. tabaci. Nonetheless, its 

intriguing behavioral and ecological plasticity continues to attract debate as to the number of 

taxonomic units it represents. The availability of molecular genetic and most recently 

phylogenomic tools to study B. tabaci variants at new levels, have led to the proposal that the 

group represents a sibling species (Brown et al. 1995b), and most recently, a cryptic species 

group (Hadjistylli et al. 2016), owing to analogously co-evolving precedents discovered for other 

taxonomically-confounded taxa. Another group has proposed the division of  B. tabaci into 

separate species, based only on barcoding of a fragment of the mitochondrial cytochrome 

oxidase I gene and an arbitrary species cutoff of 3.5% (Dinsdale et al. 2010), however, many in 

the whitefly commmunity believe this pronouncement to be premature, urging the pursuit of 

nuclear markers to provide more definitive phylogenetic evidence, and to conduct a rigorous 

assesment of gene flow (Brown et al. 2010, Gill and Brown 2010, Hadjistylii et al. 2016).  

Early studies to differentiate B. tabaci variants.  

For B. tabaci in particular, early efforts to differentiate phenotypic variants or populations 

began in 1957 with studies carried out by Julio Bird in Puerto Rico (Bird 1957, Bird et al. 1970), 

when he applied the term ‘race’ to distinguish a monophagous from a polyphagous B. tabaci 

population, the Jatropha and the Sida race, respectively. A similar host specialization scenario 

was reported by Costa and Russell (1975), in which African variants could infest cassava plants 

while American types were unable to colonize this crop species. 
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Following host specialization studies to differentiate B. tabaci populations, non-specific 

esterase banding patterns were the first genetic approach used to differentiate B. tabaci from T. 

abutilonea (Prabhaker et al. 1987), and later, Wool et al. (1989) first demonstrated genetic 

differences between two populations of B. tabaci from Colombia and Israel. This approach was 

extended by Costa and Brown (1990, 1991) who showed that the Arizona A from cotton,  and a 

poinsettia-associated B types of B. tabaci were genetically and biologically distinct, and that of 

the two, only the B type could induce silvering of pumpkin leaves, leading to the hypothesis that 

they represented biological types, or ‘biotypes’ of the same species. Parallel studies showed that 

this silverleaf disorder of in Cucurbita spp. was shown to be caused by a physiological host plant 

response (Bharathan et al. 1990, Maynard and Cantliffe 1989), making this phenotype useful for 

tracking the rapid introduction of the B biotype throughout the Americas and Caribbean Basin 

(Costa et al. 1993, see references in Brown 2010). 

After the study of  biological traits and esterase patterns of several populations of B. 

tabaci, the scientific community used the terms race and biotype intercheangably. However, 

some have criticized the use of the term biotype for B. tabaci (Perring et al. 1993, Downie 2010, 

Boykin 2014), and favored instead, the elevation of the B biotype to species status,  based on the 

genetic and behavioral studies of Perring et al. (1993), who proposed the name, B. argentifolii 

(Bellows et al. 1994).  Concurrently, the esterase profiling of B. tabaci collected from many 

different locations, globally, revealed a multitude of patterns occurred among the group, 

indicating extensive genetic (protein) polymorphisms (Costa et al. 1993, Bedford et al. 1994, 

Brown et al. 1995b), despite the lack of morphological differences at the level of scanning 

electron microscopy (Rosell et al. 1997). 
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 The term ‘biotype’ has been used in the literature for decades since the 1930s (Printz 

1937, Painter 1941), long before it was used to refer to biological variants of B. tabaci. Despite 

these differing points of view, the designation of the A and B biotypes (the earliest-studied 

variants of B. tabaci to be studied at various genetic levels, and growing evidence of additional 

genetic variants based on esterase and/or isozyme analysis, and the soon to follow, molecular 

genetics analyses: RAPDs and mitochondria cytochrome oxidase gene (mtCOI) sequence 

comparisons) (Brown et al. 1995b), fits well into the concept of biotype proposed by Saxena and 

Barrion (1987) that defined a biotype, as follows: “Broadly considered, the term biotype is an 

intraspecific category referring to insect populations of similar genetic composition for a 

biological attribute. The biotype populations may be partially and temporarily sympatric, 

allopatric or parapatric with other compatible populations, but differ in one or more biological 

attributes.” 

 

Defining putative species units 

In 1993, Perring introduced the species debate and proposed that the B biotype was a 

distinct species based on genetic and behavioral studies, resulting in the description of the B 

biotype as B. argentifolii (Bellows et al.1994). This proposal was criticized by Campbell et al. 

(1993) and Bartlett and Gawel (1993), and the taxonomic description was called “a poor piece of 

work” by De Barro et al. (2005). De Barro pointed out that biotypes should be called ‘races’ 

instead, in accordance with the nomenclature previously proposed by Julio Bird (Bird 1957, Bird 

et al. 1970), and indicated that DNA sequence data alone was not sufficient to support species 

status among known biotypes (De Barro et al. 2005). The term ‘biotype’ was widely used, from 
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1994 onward, including to describe a suite of biological and genetic variants (Bedford et al. 

1994, Brown et al. 1995b, Costa et al. 1993, see refs in Brown 2009, De Barro 1995, De Barro 

and Driver 1997, De Barro et al. 1998, De Barro and Hart 2000, De Barro et al. 2006). However, 

some research groups later criticized its use, and proposed that the taxon comprises many species 

based on barcoding, an approach that does not take into account biological or morphological 

characteristics or extent of gene flow (Dinsdale et al. 2010, Boykin et al. 2012, Liu et al. 2012, 

Boykin 2014). The group proposed the use of ‘modified’ geographical acronyms tailed after 

those previosuly proposed by others (see references in: Brown et al. 2010), and most recently, 

Tay et al. (2017) showed that one of these proposed species, MEAM2 (Dinsdale et al. 2010, 

Boykin et al. 2012) does not exist, based on evidence that the designation was erroneously based 

on a fragment of nuclear inserted mitochondrial DNA. 

Phylogeography of B. tabaci 

The use of molecular markers to illuminate the systematics and taxonomic relationships 

among Aleyrodids was first considered by Campbell et al. (1994), who used the 18S ribosomal 

RNA (rRNA) gene to determine sistership associations among members of the suborder, 

Sternorrhyncha. Frohlich et al. 1996, 1999 studied the potential informativeness of two 

mitochondrial loci, the 16S rRNA and the cytochrome oxidase I gene (mtCOI) for reconstructing 

the phylogenetic relatonships among a number B. tabaci representative of globally distributed 

populations, for the most part, separated geographically (see refs in: Frohlich et al 1999). The 

best phylogenetic resolution was achieveable using the mtCOI fragment to differentiate 

geographically-representative variants collected from the Americas, Benin, India, Israel, Sudan, 

and Yemen. Another study tested for the extent of informativeness of the  ribosomal internal 

transcribed spacer (ITS1) locus (De Barro et al. 2000), however, the conclusion was similar to 
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that of the 16S rRNA and the mtCOI (see references in Frohlich et al. 1999). Consequently, the 

use of the mtCOI fragment became rapidly accepted as a tool to reliably differentiate B. tabaci 

populations worldwide (Legg et al. 2002, Viscarret et al. 2003, Simon et al. 2003, Berry et al. 

2004, Rekha et al. 2005, Delatte et al. 2005, Zhang et al 2005).  

The increased use of the mtCOI fragment and, consequently, the increasing number of 

available sequence references, led to a classification of the B. tabaci types into major 

phylogeographical clades. Brown and Idris (2005) first proposed a major clade classification that 

grouped B. tabaci into four well-defined groups with basis on geography: Americas-Caribbean, 

Mediterranean-North Africa-Middle East, Southeast Asia-Australia and SubSaharan Africa. 

Following this line, De Barro (2005) proposed six geographic clades based on mtCOI sequence 

analysis, referring to them as Asia, Bali, Australia, Mediterranean-Asia minor-Africa, 

SubSaharan Africa and New World. 

Following a decade or more of phylogeographical studies of B. tabaci, Brown (2009, 

2010) sorted a global mtCOI sequence dataset into seven major phylogeographic clades that 

emcompass biotypes and mitotypes reported to date: 1) SubSaharan Africa (Western Africa),  2) 

SubSaharan Africa (Eastern, Central and Southern Africa), 3)North Africa-Mediterranean-

Middle East, 4)Asia I and Australia Pacific, 5)Asia II, 6)Tropical Americas: North and Central 

Caribbean and 7)Tropical Americas: South America. 

Molecular species designation 

As DNA sequence data have acummulated in Genbank, the term ‘phylogeographic 

group’ was adopted, and the use of ‘biotype’ or ‘race’ diminished, in part, because it was not 

possible to assess the phenotypic and ecological characteristics for the variants, to recognize 
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them as the same or distinct biological types. Also, it was found for some phenotypically distinct 

variants that the mtCOI did not diverge substantially e.g. Jatropha and Sida races from Puerto 

Rico (see references in: Brown 2010), casting doubt on the utility of the mtCOI to robustly 

distinguish among biological variants. Thus, the term haplotype and later mitotype (both terms 

refer to a mitochondrial type) have been seen as the most suitable terms to refer to variants of B. 

tabaci, a term used in similar studies that have relied on phylogenetic analysis of the mtCOI 

fragment. In contrast, the term genetic group was suggested by Boykin et al. (2007), who 

compiled the available mtCOI sequences for B. tabaci from the Genbank database, and based on 

Bayesian inference, split the sibling species group in 12 clades, while nonetheless 

acknowledging that further biological/ecological studies on the groups were needed prior to 

erecting species names. Shortly thereafter, Dinsdale et al. (2010) in collaboration with De Barro, 

once a strong opponent of the B. argentifolli designation, proposed a working species cut-off, 

based on pairwise distances, at 3.5% nt identity, and designated 24 species of B. tabaci, with a 

sole basis in the mtCOI gene. Following this proposed designation of genetic species boundaries 

Boykin et al. (2012) suggested that this approach underestimated the actual number of species, 

and raised the number to 29, based on the use of algorithms to delimit species. The working cut-

off proposed by Dinsdale was later corrected to 4% by Lee et al. (2013) after adding members of 

the complex not included in previous analyses. To date, approximately 39 “species” have been 

reported using Dinsdale’s approach, including biotypes and mitotypes worldwide (Firdaus et al. 

2013). 

Despite the potential for arbitrary conclusions arising from established molecular species 

boundaries based on only mtCOI sequence data (Dinsdale et al. 2010, Boykin et al. 2012, Boykin 

2014, Tay et al. 2017), latin binomial names have been proposed (Boykin, 2014) that include 
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previously synonimized species names.  This is potentially problematic because it is unlkely the 

type species is available for genetic analysis, given the specimens that remain are fixed puparia, 

previously cleared by sodium hydroxide treatment, to facilitate viewing of the morphological 

characters (Takahashi 1933, Russell 1957). Further, the sequences contained in the proposed 

species list were not surveyed numts, and do may have already let to misleading conclusions, 

even when subjected to rigorous analysis (Song et al. 2008, Tay et al. 2017). 

Despite the potential for arbitrary conclusions that can arise from setting molecular 

species boundaries based on small fragments of the mtCOI alone (Dinsdale et al. 2010, Boykin et 

al. 2012, Boykin 2014, Tay et al. 2017), Boykin (2014) proposed the designation of latin 

binomial names to groups of the complex by amplifying the mtCOI sequence of previously 

synonimized species of B. tabaci, which may not be available for accurate DNA extraction and 

sequencing. Furthermore, Boykin’s species list requires further discovery and removal of numts, 

potential misleading hazards that may not be detected even by rigorous tests (Song et al. 2008, 

Tay et al. 2017). 

Current status of the research on B. tabaci 

The first use of multiple loci to reconstruct the phylogeny of B. tabaci was by Hsieh et al 

(2014) who used three nuclear markers to study 10 populations of B. tabaci, the shaker cognate 

(voltage-dependent A-type K+ channel), RNA polymerase II, and pre-mRNA processing factor-

8. Despite the small sample size and  under-represented diversity at the global level, monophyly 

and species delimitation measures supported independent geographic groups, and corroborated 

the seven major phylogeographic group classification proposed by Brown (2009, 2010). Hsieh et 

al. (2014) noted that sister relationships among populations inferred from the three concatenated 
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nuclear loci greatly diverged from those inferred by the mtCOI gene, citing the complexity of the 

evolutionary history of the B. tabaci s.s.g. Other studies using microsatelite loci (Gauthier et al. 

2014, Hadjistylli et al. 2016) also noted conflict between nuclear and mtCOI phylogenetic tree 

topologies for globally-represented samples (Hadjistylli et al. 2016), and proposed an 

explaination or this dicrepancy, as a consequence of admixture that cannot be detected in the 

mitochondria sequence. Another explanation for this discrepancy, is that mitotype frequencies in  

populations have been found to be affected by symbiotic bacteria assemblages given that bias 

reproductive behaviour driven by simbionts could sweep a particular mitotype in the population 

(Gueguen et al. 2010, Hurst and Jiggins 2005). 

Recently, genome sequence-level studies of B. tabaci have been initiated, given the 

increasing availability of high-throughput sequencing technologies. Chen et al. (2016) and Xie et 

al. (2017) have published a draft genome of a B and Q mitotype, respectively. Also, 

representatives of around ten B. tabaci populations are components of a low-pass sequencing 

project at the University of Illinois (Kevin Johnson, personal communication). Finally, a study 

involving massive anchored-enrichment capture of loci, together with 3’-mtCOI analysis, and 

16S rRNA gene profiling of the associated symbionts is in progress (Lemmon, Lemon, and 

Brown, personal communication). 

The studies reported in this dissertation are centered on the investigation of diversity among 

indigenous mitotypes of B. tabaci endemic to agroecosystems in Pakistan and Ecuador, in 

relation to host range and niche adaptation. To accomplish this, population genetic inferences 

and phylogenetic analyses were carried out for B. tabaci field collections from their 

tropical/semi-tropical habitats by analyzing the mtCOI gene sequences. Additionally, for 
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Pakistan samples, the mitotype associated endosymbiont assemblages were cataloged. 

Specifically, this dissertation explored: 

1) The performance of two mtCOI fragments to reconstruct the phylogenetic 

associations between endemic mitotypes of Pakistan. The major phylogeographic 

clade Asia II of B. tabaci is widely distributed in Pakistan, and it is known to comprise 

the highest number of morphologically indistiguishable mitotypes. To date, the diversity 

of mitotypes in cotton growing areas versus multicropping ecosystems in Pakistan has not 

been studied. This dissertation chapter provides a comprehensive study of the mitotypes 

associated to monocropping systems where whitefly-transmitted virus outbreaks have 

been reported. The two fragments of the mtCOI gene used in this chapter showed that 

differences in DNA polymorphism and phylogenetic value between fragments may have 

implications in the delimitation of species at a global scale. Additionally, sequence data 

suggests that the predominant endemic mitotype may have undergone demographic 

events that correlate and spread with the spread of the cotton virus pandemic in Pakistan. 

2) The diversity of endosymbionts of the B. tabaci mitotypes belonging to the Asia II 

major phylogeographic group. In this chapter, a novel approach to determine 

relationships between mitotyopes of B. tabaci is provided, by comparing prokaryotic 

assemblages and their relative abundance among whitefly populations. Several secondary 

symbionts were unique to certain endemic mitoypes, and the extent of COI diversity 

appeared to reflect differentiated environmental niche associations among mitotypes. 

Further, the absence of parallel cladogenesis between insect mtCOI and bacterial 16S 

rRNA gene sequence data suggest that an hypothesis for positive gene flow among the 

Asia II mitotypes cannot be discounted without further investigation. 
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3) The diversity of mitotypes within the Americas major phylogeographic clade of B. 

tabaci in relation to niche range adaptiveness. The tropical diverse ecosystems of 

Ecuador were explored for the diversity of mitotypes belonging to the Americas major 

clade using a 1kb mitochondrial fragment. In this dissertation chapter, a newly discovered 

mitotype that diverge in up to 10% with previously described groups is reported, 

therefore implying that further studies are warranted in the highly endemistic ecosystems 

of South America. Additionally, one of the indigenous mitotypes showed high niche 

adaptability, compared to that of the exotic B type, which was restricted to the 

agroecosystems in tropical grassland landscapes.  
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CHAPTER 2: DEMOGRAPHIC EXPANSION OF THE BEMISIA TABACI GENETIC 

TYPE PREDOMINATING IN COTTON LEAF CURL PANDEMIC FIELDS IN 

PAKISTAN BASED ON TWO MITOCHONDRIAL COI FRAGMENTS 

Abstract 

The association of the whitefly Bemisia tabaci (Gennadius) vector with the spread of the 

cotton leaf curl pandemic in Pakistan was investigated using polymerase chain reaction (PCR)- 

amplified 5′- and 3′- ends of the mitochondria cytochrome oxidase I gene (mtCOI) for 569 adult 

whiteflies. The 3′-end, at 651 bases, has been used extensively to resolve B. tabaci phylogenetic 

relationships, however the 5′-end, at 618 bases, which only recently has been implemented for 

barcoding of insects, has not been well-explored as a molecular marker for B. tabaci. 

Phylogenetic analysis of the 5′- and 3′- mtCOI fragments indicated that all Pakistan mitotypes 

grouped within the Asia II clade. Individuals in the Asia II-1 mitotype predominated among 

fields sampled, at 84%, across the 11 districts sampled in Punjab and Sindh Provinces. The other 

~16% of B. tabaci mitotypes grouped in Asia II-5 and II-7. Reconstruction of a phylogenetic tree 

using concatenated 5′- and 3′- mtCOI ends showed 100% concordance with the 5′-COI tree, 

whereas, the 3′-end tree topology predicted rather different sister group affiliations. Analysis of 

DNA polymorphisms, at 71 compared to 47 in the 3rd codon position, and a Ti/Tv ratio of 5.9 

compared to 2.93, indicated that the 3′- compared to the 5′- locus was more informative, 

although the latter had higher π nucleotide diversity. Mismatch distributions of pairwise 

distances and Minimum spanning networks predicted demographic expansion of putative Asia 

II-1 and Asia II-7 populations, a conclusion also supported by Tajima’s D, R2 and Fu’s F tests. 



36 

 

Introduction 

The whitefly Bemisia tabaci (Gennadius) is among the most important insect pests and 

vectors of plant viruses (Byrne and Bellows 1991, Brown and Czosnek 2002, Jones 2003). It is 

distributed worldwide in tropical and sub-tropical regions (Mound and Halsey, 1978, Rosell et al. 

1997, Russell, 1957). The identification of whiteflies to ‘species’ is based on morphological 

characters of the 4th instar, sometimes referred to as a pupa (Takahashi 1936, Russell 1948). This 

stadium is known to exhibit phenotypic plasticity, manifest as modifications of certain setae, 

which have been shown to arise from inherent responsiveness to host plant leaf characteristics. 

This has been cited as a potential reason for the large number of previous ‘misidentifications’ 

(Lopez-Avila 1986, Mound 1963, Mohanty and Basu 1986), which subsequently lead to the 

synonymization of 20 species and 3 genera as the present-day epithet, Bemisia tabaci 

(Gennadius) (Russell 1957).  The systematics, taxonomy, and nomenclature of B. tabaci has long 

been confounded owing to the apparent cryptic nature of this species, exemplified by the lack of 

robust morphological-distinguishable characters, wide range of phenotypes, and diverse 

environments, worldwide, inhabited by the group (see references in Brown 2010, see references 

in Gill and Brown 2010). 

Numerous studies have shown biological and/or genetic differences among the B. tabaci 

group (Berry et al. 2004, Bird 1957, Brown et al. 1995a, Chowda-Reddy et al. 2012, Costa and 

Brown 1991, Costa and Russell 1975, De Barro et al. 2005, Delatte et al. 2005, Gawel and 

Barlett, 1993, Moya et al. 2001, Perring 1993, Sseruwagi et al. 2005, 2006). In particular, genetic 

approaches (esterases, isozymes, RAPDs, mtCOI, and microsatellites) amassed early evidence of 

extreme intraspecific genetic diversity far more extensive than was expected at the species-level. 

These collective studies lead to the descriptors, ‘race’ (Bird 1957, De Barro et al. 2005), and 
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‘biological type’  (biotype) (Bedford et al. 1994, Brown et al. 1995a, Burban et al. 1992, Costa 

and Brown 1991, Costa et al. 1993, Delatte et al. 2005, Sseruwagi et al. 2005, 2006, Viscarret et 

al. 2003), and then to ‘haplotype’ (or mitotypes), in particular, referring to variants that were 

differentiated based on phylogenetic analysis of the mitochondria cytochrome oxidase I gene 

(mtCOI) (Frohlich et al. 1999, Brown et al. 1995b). The best-studied B. tabaci are plant virus 

vectors associated with agricultural crops (Brown and Czosnek 2002), and two in particular, the 

B- and Q-like mitotypes, have been accidentally introduced on plants to many locations 

worldwide (Brown et al. 1995a,b, Bedford et al. 1994, Guirao et al. 1997, Rosell et al. 1997, 

Hadjistylli et al. 2016).  

This new information at the genetic level lead to the proposal that group constitutes a sibling 

species ‘group’ (Brown et al. 1995b, Brown et al. 2010, Frohlich et al. 1999, Gill and Brown 

2010), or group that exhibits discontinuous reproductive isolation between group members 

(Moya et al. 2001, Hadjistylli et al. 2016).  Following suit, the term B. tabaci s.s.g., has been 

proposed to address a similar conundrum at the genus-level, Bemisia, for which at least some 

species have been differentiated using the mtCOI sequence as a molecular marker (Gill and 

Brown 2010).  Given the expansion of genomic-level knowledge, the B. tabaci taxon may aptly 

be described as a cryptic species (Beheregaray et al. 2007, Esterhuizen et al. 2013, Hadjistylli et 

al. 2016). Other organisms already recognized as cryptic species, similarly, exhibit a static 

morphology while other traits such as behavioral, ecological, genetic traits diverge, and 

speciation proceeds at a normal evolutionary pace (Charlesworth et al. 1982, Wake et al. 1983).  

Regardless, more extensive analysis of genomic information is needed to establish the extent of 

intraspecific gene flow to define species boundaries for the group.   
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From a practical standpoint, the most common approach for differentiating B. tabaci, 

together with biological information, when available, continues to rely on phylogenetic analysis 

of the mtCOI for differentiating variants at the mitotype-level. In particular, the 3′-fragment of 

the mitochondrial cytochrome oxidase I gene (Frohlich et al. 1999) has been used for 

differentiating genetic variants within the B. tabaci s.s.g. (Alemandri et al. 2012, Ashfaq et al. 

2014, Berry et al. 2004, Boykin et al. 2007, Chowda-Reddy et al. 2012, Chu et al. 2010, De 

Barro et al. 2000, 2005, Dinsdale et al. 2010, Esterhuizen et al. 2013, Firdaus et al. 2013, Hu et 

al. 2011, Lee et al. 2013, Sseruwagi et al. 2005, 2006, Ueda et al. 2009, Viscarret et al. 2003). 

The genetic variability represented in the 3′-end of the COI gene, 600-780 bases (Brown et al. 

1995b, Frohlich et al. 1999, Brown 2010, Gill and Brown 2010), permits the reconstruction of a 

gene tree that resolves at least seven major clades, and some outliers, with a firm basis in 

phylogeography (Brown 2010, Gill and Brown 2010). Recently, Hsieh et al. (2014) reconstructed 

a B. tabaci species tree based on three nuclear genes, and reconstructed a phylogeny somewhat 

congruent to that inferred by the 3′-end in that it supported independent geographic groups, and 

corroborated the seven major phylogeographic group classification proposed by Brown (2009, 

2010).  

In contrast, the 5′-end (Folmer et al. 1994) has not been widely used as a marker for the B. 

tabaci complex despite its popularization for barcoding in other arthropod taxa (Brower 1994, 

Hebert et al. 2004, Hajibabaei et al. 2006, Pons et al. 2006, Ivanova et al. 2007, Ward et al. 2005, 

Smith et al. 2005).  In a recent study, the 5′-end of the mtCOI was used to investigate B. tabaci 

mitotype genetic variants in cotton crops in Pakistan (Ashfaq et al. 2014), with results suggesting 

the possibility for congruence between trees reconstructed by either of the two ends, but the 

study did not consider differences inherent in the phylogenetic signals of the fragments. Because 
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substitution patterns could differ between mtCOI fragments that could influence tree structure 

and robustness of phylogenetic conclusions predicted by each of the two ends (Erpenbeck et al. 

2006), a comparison of both mtCOI fragments and their resultant phylogenetic predictions is 

warranted.  

Whitefly-transmitted geminiviruses emerged widespread as important limitations to cotton 

production in Pakistan, beginning in ~1990, with the outbreak of Cotton leaf curl Multan virus 

(CLCuMV), which resulted in 50-80% crop losses in most major the cotton-producing provinces 

(Mansoor et al. 2003a). After several years of subsidence, a second outbreak began in about 

2000-2001 caused instead by the emergent, recombinant ‘Burewala’ strain, Cotton leaf curl 

Kokhran virus-Burewala (CLCuKoV-Bu), which resulted from the widespread cultivation of a 

variety with robust genetic resistance to CLCuMV (Mahmood et al. 2003, Mansoor et al. 2003a). 

The lack of knowledge about the dynamics of virus-vector relationships and the underlying basis 

for the rapid spread of cotton-infecting begomoviruses in Pakistan has hindered effective 

management practices. Thus, knowledge is needed with respect to the distribution of B. tabaci 

genetic variants, and potential differences in virus transmission efficiency that is expected to 

drive virus-vector co-evolution that could favor the spread of certain viral species and strains 

over others.  

The objective of this study is to document the genetic variability and distribution of the B. 

tabaci cryptic species collected from whitefly-infested cotton and non-cotton plant species in 

eleven districts in Pakistan during 2012-2014. This timeframe coincides with the continued 

spread of CLCuKoV-Bu from its initial site of discovery in Pakistan, near the township of 

Burewala, Vehari district of Punjab Province (Mahmood et al. 2003, Rajagopalan et al. 2012).  

Of particular interest was to investigate whether the B. tabaci population structure could possibly 
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be associated with the recent, rapid spread of CLCuKoV-Bur in cotton genotypes bred for 

resistance to CLCuMuV, but susceptible to CLCuKoV-Bur, now the predominant begomovirus 

in the cotton landscape (Mansoor et al. 2003b, Zaidi et al. 2016, Hassan et al. 2017). To address 

this question, the number of polymorphic sites, the nucleotide (nt) diversity, the ratio of 

substitution types, and tree topology were studied for the mtCOI gene sequence, separately for 

two fragments representing the 5′- and 3′-ends of the gene, and for the concatenated form of the 

these fragments, respectively. The 3′-end at coordinates 699-1450 (651 bases) comprises the 

region most commonly used to determine the mitotype or mitochondrial type (mitotype) of B. 

tabaci (430-800 bp), which is indicative of phylogeographic distribution and endemism of extant 

mitotypes of the B. tabaci species group (see references in Brown 2010). The 5′-end spans the 

mtCOI nt coordinates 42-659 (618 bases), and has been referred to as the ‘Folmer fragment’, 

which has been adopted for diversity surveys or ‘barcoding’ (Folmer 1994).  

Materials and Methods   

Whitefly samples and DNA isolation.  

Adults and nymphs of the whitefly (B. tabaci) were collected from cotton and non-cotton 

host plants in ten major cotton growing districts in Pakistan: Sahiwal, Lodhran, Rahim Yar 

Khan, Bahawalpur, Bahawalnagar, Multan, Vehari, Khanewal, Pakpattan and Shaheed Benazir 

Abad, and one non-cotton growing district: Lahore. At each sampling site (> 1 per district), 

multiple samples (a sample consisted of all whiteflies collected from single host plant; ≤ 3 per 

sampling unit, at several per district) were collected from symptomatic cotton, and other 

cultivated (‘non-cotton’) or wild (uncultivated) host plants showing leaf curling, vein thickening, 
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and/or enations. Approximately six individual whiteflies per plant host were placed live into a 

1.5 ml microfuge tube containing 95% ethanol. Samples were stored at -20oC.  

Five hundred and sixty-nine adult whiteflies, three per field collection, were selected for 

total DNA extraction. The total DNA was purified from individual whiteflies using the method 

described by Xhang et al. (1998). Briefly, each whitefly was placed onto a piece of filter paper 

for a few seconds to remove excess ethanol. The specimen was ground in 600 µl of CTAB lysis 

buffer (100 mM Tris-HCl pH 8.0, 20 mM EDTA pH 8.0, 1.4 M NaCl containing 0.2% 2-

mercaptoethanol, 2% hexadecyltrimethyl-ammonium bromide), and incubated at 65oC for 15 

min. Additionally, one vol of chloroform was added, mixed, and centrifuged at 12,000 RPM at 

4oC for 3 min. The supernatant was transferred to a sterile microfuge tube to which 1 vol 

isopropanol and 40 μg glycogen was added, followed by incubation at 4oC for 10 min. The DNA 

pellet was collected by centrifugation at 12,000 RPM at 4oC for 10 min. The pellet was washed 

with 70% ethanol, air-dried at room temperature (RT), and dissolved in 10 mM Tris buffer, pH 

8.0. 

PCR amplification and DNA sequencing.  

Two fragments of the mtCOI gene were amplified. The 5′-end amplicons of 618 bp in 

size, were obtained with primers F-LCO1490 5′-GGTCAACAAATCATAAAGATATTGG-3′ 

and R-HCO2198 5′-TAAAGTTCAGGGTGACCAAAAAATCA-3′ (Folmer et al. 1994). The 3′-

end mtCOI fragment of 651 bp in size, designed for barcoding of biologically uncharacterized 

specimens was amplified using primers F-C1-J-2195-5′-TTGATTTTTTGGTCATCCAGAAGT-

3′ and R-L2-N-3014 5′-TCCAATGCACTAATCTGCCATATTA-3, previously designed for 

evolutionary studies of insects (Simon et al. 1994), and validated for the whitefly B. tabaci 
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(Frohlich et al. 1999). Reactions were performed in a 25 μl vol, and contained 1x Jumpstart 

REDTaq Ready-Mix (Sigma-Aldrich, Saint Louis, MI), primers (0.4 μM each), 20 ng of whitefly 

DNA and double distilled (dd) water in a 25 μl reaction volume. The cycling conditions for the 

5′-end fragment were 35 cycles of 95 °C for 60 s, 40 °C for 60 s and 72 °C for 90 s, with a final 

extension step of 7 min at 72 °C. Cycling conditions for the 3′-end primers were 95 °C for 2 min, 

followed by 30 cycles of 95 °C for 60 s, 52 °C for 60 s and 72 °C for 60 s, with a final extension 

for 5 min at 72 °C. The sizes of the PCR products were verified by agarose gel (1%) 

electrophoresis in 1X TAE buffer, pH 8.0, containing 1X GelRed dye, at 100 V for 50 min. The 

amplicons were cloned into the TA cloning plasmid vector (Promega, Madison, WI), and 

sequenced bi-directionally in an ABI 3700 capillary sequencer at The University of Arizona 

Genomics Core facility (http://uagc.arl.arizona.edu/). 

Alignment and phylogenetic analyses.  

The DNA sequences were assembled and manually edited using SeqMan Pro software in 

DNASTAR Lasergene v8.0 (DNASTAR, Inc., Madison, WI 53705, USA), and contigs were 

exported as FASTA files. Selected B. tabaci reference COI and the outgroup sequences were 

obtained from the GenBank database (Benson et al. 2012), or from the laboratory mtCOI DNA 

sequence database (JK Brown, unpublished data) determined previously for individuals 

identified as B. tabaci, based on the established taxonomic (morphological) characters 

(Takahashi 1936, Rusell 1948) by R. Gill, CDFA, Sacramento, CA. The whitefly Trialeurodes 

abutilonea (Haldeman) was included as outgroup.  

The sequences were aligned using MUSCLE v3.8.31 (Edgar 2004) implemented in the 

Align Multiple Sequences tool, available in Mesquite v2.75 (Madison and Madison 2014). The 
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terminal gaps were treated as missing data. The alignment was submitted to FABOX v1.41 

(Villesen 2007) to eliminate the sequences that shared >99% nt identity. 

The alignment was screened for NUMTS or pseudogenes following recommendations by 

Song et al. (2008). Initially, sequence chromatograms were screened for double peaks. Later, 

sequences containing ambiguities, indels, stop codons and singletons were removed from the 

analysis. Additionally, cloning the mtCOI amplicon aided to identify NUMTS, when one of the 

clones from the same individual fall outside and/or into a different clade, the sequence was 

considered a NUMT and therefore removed from the alignment. 

Maximum likelihood (ML) analyses were carried out using GARLI v2.1 (Zwickl, 2006). 

The most optimal model of molecular evolution for each mtCOI marker was determined using 

jmodeltest v2.1.7 (Darriba et al. 2012), using a consensus of the Akaike Information Criterion 

(AIC), a corrected AIC, and the Bayesian Information Criterion (BIC). The data sets were 

partitioned by fragment and by codon position. The TIM3+I+G model was used for all of the 

partitions, except for the second codon position at the 5′-end, for which the HKY+G model was 

implemented. One thousand bootstrap iterations were carried out using the default settings. The 

consensus trees were visualized using FigTree v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).  

The Bayesian phylogenetic inference (BI) analysis was conducted using MrBayes v3.2.5 

(Huelsenbeck and Ronquist 2001, Ronquist et al. 2012) for four independent Markov Chain 

Monte Carlo (MCMC) runs composed of four chains allowed to run for 1 x 107 generations. 

Trees were sampled every 1000th generation. The log-likelihood scores of the points sampled 

were plotted against the generations sampled, using Tracer v1.6 (Rambaut et al. 2014), to verify 

stationarity of the chain, convergence, and to determine the burn-in e.g. number of trees 

produced before the chain reached a plateau. The Effective Sample Sizes (ESS) values were 

http://tree.bio.ed.ac.uk/software/figtree/
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examined for each run, until the value exceeded 200 (Ronquist et al. 2012). Results were 

summarized using the sump and sumt commands. Trees resulting from the first 2 x106 

generations per replicate were discarded as burn-in. The resulting 50% majority-rule consensus 

tree was drawn using FigTree v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).  To compare the 

phylogenetic informativeness of the two fragments, and of a concatenated fragment comprising 

the two, to resolve the B. tabaci mtCOI phylogeny, the sequences were subjected to ML and BI 

analyses.  

DNA polymorphisms.  

The nt composition and diversity, polymorphism, and mitotype diversity were estimated 

using DNAsp v5.10.1 software (Librado and Rozas 2009) and Mega v7.0 (Kumar et al. 2016). 

Because nt composition comparisons did not provide sufficient information with respect to 

substitution patterns, ratio of transitions compared to transversions (Ti/Tv), were calculated 

using Mega v7.0 (Kumar et al. 2016).  Additionally, the ratio of 0-, 2- and 4-fold degenerate sites 

were calculated to determine if the number and type of substitution was biased by inherent 

sequence composition.   

Cryptic species boundaries.  

The intra- and inter-specific evolutionary distances were calculated for the putative 

‘species groups’ delineated by the ML and BI analyses and BLAST, using the dist.dna function 

from the R package APE (Paradis et al. 2004). The Hasegawa-Kishino-Yano (HKY85) model 

(Hasegawa et al. 1985) was identified as the optimal model of evolution. However, the F84 

substitution model (Felsenstein, 1984) was selected instead given its availability in the R 

software package (while HKY85 is not), because as for the HKY85 model, it assumes different 

nt frequencies, transitions and transversions rates.  

http://tree.bio.ed.ac.uk/software/figtree/)
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The intra- and inter-specific average pairwise tree distances were calculated according to 

Ross et al. (2008). This approach was used to compare results herein with previously published   

inter-specific pairwise tree distances used to propose a standard K2P distance for pairwise 

analysis of B. tabaci 3’-mtCOI sequences (Boykin et al. 2012) to establish a threshold for 

delimiting genetic variants. At 1%, this value is in conflict with the 3.5 % cutoff previously 

proposed by Dinsdale et al. (2010). From the intra/inter-specific distances ratio, the probability 

of making an accurate identification of unknowns under strict (P ID (strict)) or relaxed (P ID 

(liberal)) cladistics parameters (Ross et al. 2008) was calculated.  The ‘strict’ P ID estimate 

predicts whether an unknown sample falls within, but is not sister to, a monophyletic focal 

species, with respect to their placement on a phylogenetic tree.  In contrast, more liberal P ID 

estimate is the probability of identifying an ‘unclassified’ specimen as a member of, or sister to, 

the focal monophyletic species (Ross et al. 2008). To test whether the observed cladistic 

structure arises as a consequence of random coalescence processes (i.e. panmixis), Rodrigo’s P 

(Randomly Distinct (RD)) (Rodrigo et al. 2008) measure, was calculated. For a given clade the P 

(RD) is the probability that the observed ratio of the sums of branch lengths from the node to the 

tip, and from the node to the root, is tested using a standard coalescent model (Rodrigo et al. 

2008). In addition to the F84 evolutionary divergences, the values proposed above for 

delineating B. tabaci species were obtained using the species delimitation plugin of Masters et al. 

(2011) implemented in Geneious (Kearse et al. 2012). 

Population genetics analysis.  

Whether the B. tabaci populations have previously undergone a putative demographic 

shift was tested by measuring (1) mutation frequency (Tajima’s D and R2) and (2) the frequency 

distribution of rare mitotypes within each population (Fu’s Fs). The calculations were performed 
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in Dnasp v5.10.1 (Librado and Rozas 2009), and the statistical significance was determined by 

coalescence simulations with 10000 replicates, also available in the Dnasp v5.10.1 software.  

Mutation frequency was analyzed using Tajima’s D test (Tajima, 1989), which compares 

the number of segregating sites with the overall nt diversity, and the R2 test (Ramos-Onsins and 

Rozas 2002), which calculates the difference between the number of singleton mutations and 

average number of nt differences.  

 To estimate mitotype frequencies, the Fu’s Fs statistic (Fu 1997) is considered a 

powerful approach for assessing genetic expansion, assuming no recombination at the locus of 

interest (Ramirez-Soriano et al. 2008). It provides a robust estimator of rare mitotypes that have 

originated from recent mutations.  The mitotype diversity was plotted in a Minimum Spanning 

Network (MSN) (Bandelt et al. 1999) using PopART (http://popart.otago.ac.nz), which 

constructs several maximum parsimonious trees for a given dataset. Also, MSN analysis 

identifies signals indicative of potential demographic expansion, when population structure is 

described as a ‘star-like shape’, depicting a common mitotype surrounded by less abundant 

mitotypes that differ by few/rare mutations. Finally, signals of changes in population size were 

identified by plotting the frequencies of pairwise differences (Mismatch distribution), and by 

calculating the raggedness r statistic (Harpending 1994).  The unimodality of the curve and low 

significant raggedness values are associated with potential population expansion events. 

 

 

http://popart.otago.ac.nz/
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Results 

Characterization of B. tabaci mitotypes from Pakistan.  

Amplification of the` 5′- and 3′- mtCOI gene fragments by PCR yielded 829 and 702 bp 

amplicons of which 618 and 651 bases were used for the analysis, after removing primer 

sequences from the ends, and potentially confounding regions that could bias the alignments.  

Bayesian phylogenetic inference and ML analysis of both fragments showed that all of the 

whitefly mitotypes from Pakistan grouped in the major Asia II clade. Reference sequences and 

nucleotide pairwise divergence allowed to determine the identity of three indigenous mitotypes, 

Asia II-1, II-5, and II-7. The 83.7% (n = 588) of the sequences clustered in mitotype Asia II-1, 

15.6% belonged to Asia II-7 (n=110), and 0.7% to Asia II-5 (n=4). The Asia II-1 mitotype was 

the most prevalent, and it was the most broadly distributed among the three, occurring 

throughout the major cotton-growing areas in Pakistan infesting cotton and non-cotton host 

plants (Figure 2.1). However, it was also identified in Lahore, where cotton is not grown 

commercially. In contrast, the B. tabaci samples from Lahore, identified only in this location 

were associated with herbaceous plants growing in small gardens or in cotton and vegetables 

planted in research plots located at the University of Punjab, Lahore. The Asia II-7 and Asia II-5 

mitotypes were identified only in the Lahore collections, from cotton, cucumber, okra, pepper, 

squash and tomato, and from cotton, cucumber and squash plants, respectively. 

The phylogenetic relationships for the B. tabaci mitotypes studied here were overall 

consistent with those previously inferred from the 3’-end mtCOI fragment, based either on 

Maximum Likelihood or Bayesian methods (Frohlich et al. 1999, Brown, 2010, Dinsdale et al. 

2010, Boykin et al. 2012).  The global phylogenetic tree with references representing the well-
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recognized, major clades showed that Asia II major clade reconstructed from the 3’- and 5’-end 

of the mtCOI, consisted of 8 or 10 mitotypes, respectively (also referred to by some as species) 

(Figure 2.2 and 2.3), that clustered in well-resolved clades, at >95% posterior probability 

support. The clade containing Asia II-1, -2, -3 and -4 mitotypes is sister to that which contains 

the mitotypes Asia II-5 and -6, which together are a sister group to the mitotype Asia II-7. The 

Asia II, Asia I major clades, together with reference mitotypes of the Australia, China 1, 2, Italy, 

the B and Q sister groups (major clade: North Africa-Mediterranean-Middle East), and the major 

clades representing Sub-Saharan Africa and the Tropical Americas/New World grouped 

monophyletically. While the monophyly of the genus, Bemisia based on the mtCOI sequence 

(3’- or 5’- or concatenated fragments) was well- supported, it also included the recognized 

Bemisia species, B. emiliae and B. centroamericana. 

Comparison of sequence polymorphisms for the 3’- and 5’- COI fragments.  

The nt composition, diversity and tree topologies were compared for the two mtCOI 

fragments, for whitefly individuals from which both fragments were amplified successfully. A 

total of 523 whitefly amplicons for each fragment were used to compare the ends of the mtCOI.   

The proportion of T, C, A and G nitrogenous bases in the 5- fragment was 44.3%, 14.2%, 

23.2% and 18.3% respectively. Similarly, the proportion of T, C, A and G bases in the 3′- 

fragment was 43.8%, 13.1%, 22.9%, 20.3% respectively. The percentage GC content between 5′- 

and 3′- fragments was similar, at 32% and 33% respectively, with the greatest differences 

observed at the third codon position (Table 2.2). The number of segregating sites and number of 

mutations were greater for the 3′-fragment, compared to the 5′-COI fragment. However, the 

overall nt diversity (π) of the 5’- COI sequences, was greater than for the 3’-sequences. The nt 
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diversity (π) at the second codon position of the 5′-end was nearly three times that observed for 

the 3′-COI sequences (Table 2.3). The overall Ti/Tv ratio for the 5′-fragment was nearly twice as 

great as for the 3’-fragment, at 5.9 and 2.93, respectively (Table 2.4). 

Cryptic species delimitation.  

The average intraspecific F84 pairwise divergence of the 5′-COI sequences was 0.578% 

for Asia II-1 (n=440), 0.074% for Asia II-7 (n=94), and 0.065% for the Asia II-5 (n=5) 

sequences. By comparison, the 3′-COI fragment pairwise divergence was 0.674% for Asia II-1 

(n=440), 0.016% for Asia II-7 (n=94), and 0.375% for the Asia II-5 (n=5) sequences (Table 2.1).   

Among the mitotypes studied here, the two COI fragments showed different evolutionary 

divergence distances. Using the F84 model of evolution, intra-species divergence in Asia II-7 

was nearly five times higher for the 5′- compared to the 3’-fragment, while for the Asia II-5 

mitotype, the 3′-sequences was twice as divergent as the 5’-end.  This pattern was consistent 

with percent pairwise divergence values calculated using the Ross method, which for the 5’-COI 

sequences were 0.215% for Asia II-1 (n=440), 0.116% for Asia II-7 (n=94), and 0.081% for Asia 

II-5 (n=5), compared to the 3′-fragment at 0.142% for Asia II-1 (n=440), 0.068% for Asia II-7 

(n=94), and 0.239% for Asia II-5 (n=5). The sequence divergence for the concatenated 

fragments, using the F84 and the Ross method, ranged from 0.044% to 0.627%, compared to 

0.017% to 0.071%, respectively.  These methods are commonly used to delimit species, 

however, because the two produced disparate estimates, they should not be treated as equals to 

delimit species boundaries for B. tabaci. 

While the inter-species F84 distances for the 5′-end ranged from 9.93% to 11.65%, the 3′-

end showed slightly higher divergence than the 5′-end, ranging from 9.95% to 12.50%. Contrary 
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to the observed variation in the interspecific F84 divergence values, the Ross’s inter-species tree 

pairwise divergence (referred to as K2P distance by Boykin et al. (2012)) remained overall 

constant whether the fragments were analyzed independently or concatenated, with values well 

above the 1% cut-off proposed by Boykin et al. (2012) to define species boundaries in B. tabaci 

(Table 2.1).  

The monophyly of the three mitotypes that were identified among the Pakistan samples, 

Asia II-1, Asia II-7 and Asia II-5, was also supported by posterior probability equal to 1, and 

species distinctiveness given by the P ID (Liberal) measure, which exceeded 95%. Based on a 

conservative measure for species status, P ID (strict), a ‘putative species’ status was supported 

for the two groups with a probability of ~75% for the Asia II-5, regardless of whether the COI 

fragments or the concatenated sequence was analyzed (Table 2.1).  Rodrigo et al. (2008) 

proposed that P (RD) values of <0.05 should result in rejection of the null hypothesis for 

panmixis, which would support the status of a mitotype as a potential cryptic species. Values for 

all B. tabaci mitotypes but Asia II-5 approached the threshold, at < 0.05, indicating a failure to 

reject the null hypothesis, based on a ‘conservative’ decision. Only for Asia II-5 mitotype, and 

when considering the 3′-end, a P (RD) of 0.27 was obtained (Table 2.1). 

Population genetic of B. tabaci in Pakistan.  

The distribution frequencies for the pairwise comparisons of the two COI fragments, 

individually, and concatenated are shown in Figure 2.4. Both the Asia II-1 and Asia II-7 

populations have unimodal mismatch distributions indicating that populations are likely to be 

undergoing a genetic expansion. Because of the small sample size representing Asia II-5 (n=5), 

the mismatch distribution could not be estimated, nor could any other population genetic 
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measure be determined for this mitotype. The smoothness of the curves given by the raggedness 

r statistic, however, was not significant for any population studied here. 

Tajima’s D values for Asia II-1 and Asia II-7 were significantly negative based on the 5′-

or the 3′-end, or on the concatenated sequence. Because a negative Tajima’s D value reflects 

low, compared to the expected variation, the population is considered to be have undergone 

demographic expansion and/or recovery after a recent incident such as a bottleneck or selective 

sweep (Table 2.4). The Ramos-Onsin and Rozas’s R2 values, at near zero, also supported the 

hypothesis of Asia II-1 and Asia II-7 were undergoing a population growth. Also, the Fu’s Fs 

statistic, which was significantly negative, provided further support for a ‘population growth’ 

hypothesis. The statistical values and significance were found to be nearly the same, regardless 

of whether the 5′-end, the 3′-end, or the concatenated fragments were considered.  A 

demographic expansion hypothesis is further supported by a MSN analysis which shows star-like 

structures (a single predominant mitotype surrounded by several less abundant mitotypes (rare) 

originating via few mutations), resulting from low levels of sequence divergence together with a 

high frequency of unique mutations (Mirol et al. 2008), observations that are consistent with low, 

observed variation predicted by Tajima’s D test. For the 5′-end, the predominant mitotypes of the 

network are formed by 94% of Asia II-1 individuals and 96% of Asia II-7 sequences (Figure 

2.6). In contrast, based on the 3′-end, 93% of Asia II-1 (1% less than in the 5′ end) and 98% (2% 

more than in the 5′ end) of Asia II-7 samples account for the predominant mitotypes (Figure 2.7). 

This is in agreement with the results of the segregating sites analysis, the nt diversity and 

sequence divergence, which show higher variation in the 3′ fragment than in the 5′ for the Asia 

II-1 mitotype. However, the opposite pattern was observed for the Asia II-7 mitotype, suggesting 



52 

 

that the two gene fragments were not interchangeable, and could contribute valuable information 

equally. 

Phylogenetic relationships inferred from two COI fragments of B. tabaci.  

For the dataset containing sequences for the individuals yielding both of the mtCOI 

fragments, sistership associations were not resolved identically to those depicted in the global 

tree (Figure 2.2). The tree topologies were similar with both methods within all major clades for 

both fragments (Figure 2.5). The major Asian II group was well-supported (>99% pp and >70% 

bv), although sister relationships among mitotypes were in conflict or not resolved by either one 

or both methods. Asian subclades 1 and 7 sister relationship was weakly supported by 68% pp in 

the 5′- fragment then and only by the Bayesian analysis; the support value increased to 77% pp 

when fragments were concatenated. However, this association was not observed for the tree 

inferred by the 3′- fragment, in which the grouping of subclades 1 and 5 was weakly sustained 

only by BI analysis.  Within the major clade North Africa-Mediterranean-Middle East was well 

supported in both COI fragments as well as its constituent genetic variants. Sister association 

between this major clade and Asia II is only well-supported (99% pp) by Bayesian methods 

when the 3′- fragment or concatenated were used. The ML bootstrap values show a weak support 

(60% bv) of this association, only when the fragments were concatenated. 

The two New World major clades were well-supported by both methods, and by both 

COI fragments. However, their sister association with major clades Asia II and North Africa-

Mediterranean-Middle East was only supported by Bayesian analysis in both COI fragments and 

when concatenated. ML bootstrap values supported this sister relationship only when the 

fragments were concatenated. 
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Sister relationship between the Pakistan mitotype (Ashfaq et al. 2014) that is an outlier 

along with a sample from sweet potato collected in Uganda (courtesy, J. Legg, IITA), was only 

well-supported by Bayesian analysis in both fragments and concatenated. The monophyly of this 

group was predicted by the ML analysis, only when based on analysis of the concatenated COI 

fragments. Similar support patterns backed the basal position of this clade, with respect to major 

clades Asia II, New World and North Africa-Mediterranean-Middle East. 

The major Sub-Saharan Africa clade was well-supported for both fragments, only by 

Bayesian methods. The ML bootstrap values faintly support this clade monophyly. Subclades 

monophyly was also well-supported by both methods in both COI fragments and when 

concatenated. Sistership between mitotypes 1 and 2 was supported in the Bayesian tree by the 3′- 

but not the 5’- COI fragment, however, the support values increased considerably for the 

concatenated fragments tree. 

Discussion 

Cotton leaf curl disease (CLCuD) poses a significant economic threat to cotton 

production in Pakistan (Farooq et al. 2014), however, the whitefly-vector dynamics driving the 

spread of the resistance-breaking CLCuKoV-Bur isolate, which emerged in the Punjab Province 

and spread to Sindh Province (Ashfaq et al. 2014) is not understood. In this work, whiteflies 

mitotypes associated with cotton and non-cotton hosts in Pakistan were mitotyped using two 

different fragments of the mtCOI gene, and a concatenated sequence derived from joining both 

regions. Based on the 5’- and 3’- end fragments, three mitotypes that grouped phylogenetically in 

the Asia II major clade, previously named Asian II-1, -5, and -7 (Dinsdale et al. 2010, Boykin et 

al. 2012) were found. These results are consistent with those obtained in previous studies carried 
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out in Pakistan cotton-growing areas (Ahmed et al. 2010, 2011). In 2011, two additional 

mitotypes to those reported here were identified, a presumed endemic mitotype that groups in the 

Asia I major clade, and the introduced B biotype (Ahmed et al. 2011). Hameed et al. (2012) also 

reported the occurrence of the introduced B mitotype and two unidentified non-B mitotypes that 

likely corresponded to the Asia II mitotypes reported here. Two recent studies have also 

identified mitotypes in Pakistan representing the endemic Asia I and Asia II major clades, and a 

localized infestation of the exotic (introduced) B mitotype, e.g. North Africa-Mediterranean-

Middle East major clade (Ashfaq et al. 2014, Masood et al. 2017). Masood et al. (2017) recently 

reported Asia II-7 restricted to the northeast of Punjab at a very low frequency and Asia II-5 

sporadically present at northern and southern locations of Punjab, both mitotypes were collected 

from cotton. The same studied found the Asia II-8 mitotype at a single location in Punjab and 

Asia 1 in Punjab and Sindh locations. Additional studies are needed to address the spatial and 

temporal distribution patterns will aid in elucidating the geographical and host distributions of 

the predominant mitotypes. 

Based on the relatively high-density sample size of B. tabaci in two provinces comprising 

ten different districts within and one district external to cotton growing areas (Figure 2.1), the 

spatial distribution of mitotypes in Pakistan was found to differ from that reported by Ahmed et 

al. (2010, 2011), who reported the presence of Asia II-1 mitotypes in the Punjab, but not in the 

Sindh province. In contrast, the distribution pattern reported in this study suggests a progressive 

expansion of Asia II-1 from Punjab (North-East) to Sindh (South) in Pakistan. A southern 

expansion scenario has also been noted by Ashfaq et al. (2014), who also detected Asia II-1 

broadly distributed in Pakistan. Analysis of whitefly samples collected approximately twenty 

years prior to this study, indicated that the Asia II-1 mitotype was distributed in Jammu and 
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Kashmir at northwest India, near Pakistan (Simon et al. 2003b), perhaps providing additional 

support for the southern expansion hypothesis. These findings are in agreement with reports from 

about 2004-onward of the rapid spread of the CLCuKoV-Bu strain cotton these same areas 

sampled for the whitefly vector (Amrao et al. 2010). 

The results of previous studies indicated that B. tabaci is often polyphagous or 

oligophagous, particularly in Pakistan and other locales in Asia (Qui et al. 2011). An 

investigation of B. tabaci diversity in the Punjab region by Ashfaq et al. (2014) revealed the 

presence of only the Asia II-5 mitotype in cotton, whereas in India, Chowda-Reddy et al. (2012) 

the Asia II-5 mitotypes were identified from cassava and tobacco plant hosts. Also, the Asia II-7 

was not specifically associated with any particular host in the Punjab (Ashfaq et al. 2014), 

however, in China, Qiu et al. (2011) reported mitotype II-7 on collards, cucumber, hibiscus, 

laurel, poinsettia, and tomato. The results of this recent study have shown that the Asia II- 5 and 

Asia II-7 mitotypes were identified on a broad range of plant species, including cotton, 

cucumber, okra, pepper, squash, and tomato. Thus, in addition to the ability of mitotypes -1 and -

7 to colonize a broad range of cultivated and uncultivated plant species, the results of this study 

provide robust evidence of genetic and demographic expansion within mitotypes II-1 and II-7, 

based on a number of different tests, including Tajima’s D and Fu’s Fs  (negative), and Ramos-

Onsins and Rozas’s R2  (with near-zero values). The observed patterns are apparently due to an 

excess of low frequency polymorphisms associated with both mitotypes. The predicted recent 

demographic expansion is also consistent with the unimodality of pairwise dritribution (Rogers 

and Harpending 1992, Harpending 1994) and MSN analyses. Although low sequence diversity 

may also support the occurrence of selective sweeps associated with whitefly colonization by 

particular endosymbiotic bacteria (Hurst and Jiggins 2005), demographic expansion followed by 
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a recent bottleneck may be indicative of the relatively rapid spread of the mitotype Asia II-1 in 

the Punjab and Sindh provinces of Pakistan, which feasibly could be directly or indirectly 

associated with the rapid spread of the previously unknown, recombinant begomovirus, 

CLCuKoV-Bu strain that emerged in response to the widespread release of germplasm resistant 

to the previously predominant begomoviral species, CLCuMuV. This pattern is reminiscent of 

that observed for the emergence and spread of the cassava mosaic disease (CMD) begomovirus 

complex and its whitefly B. tabaci vector dynamics in subSaharan Africa (Legg et al. 2002, 

2014). 

Although the abundance of Asia II-1 mitotype and CLCuD distribution and increased 

prevalence appear to be strongly correlated (Ahmed et al. 2010, this report), studies to evaluate 

begomovirus-vector transmission efficiency and to understand key epidemiological factors, are 

needed to further corroborate the results reported here. For example, Qiu et al. (2011) determined 

that development time, survivorship, sex ratios, and fecundity of the Asia II-7 varied 

significantly by the particular host plant i.e. collard, cucumber, hibiscus, laurel, poinsettia, and 

tomato (Qiu et al. 2011), suggesting that whitefly-virus, whitefly-host, and/or virus-host 

interactions involving cotton or other hosts in Pakistan may have contributed to the severity and 

distribution of the outbreak. 

The systematics and taxonomy of the B. tabaci s.s.g. and species delimitation has not yet 

been resolved, and has long been a controversial subject, beginning with the initial change of 

Aleyrodes tabaci  to Bemisia tabaci by Takahashi (1936), followed by the synonymization of 20 

species and 3 genera into the single taxon, B. tabaci, by several taxonomists (Russell 1957, 

Takahashi 1955, Danzig 1964, Goux 1988, Dubey et al. 2009, Martin and Mound 2007), and the 

most recent evidence based on the mtCOI phylogeny, which resolves at least seven major 
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phylogeographic clades for B. tabaci (Brown et al. 1995b, Brown 2010, Gill and Brown 2010), 

with additional basal clades containing proposed cryptic Bemisia species, referred to as the B. 

tabaci complex  (Gill and Brown 2010). Studies by Brown et al. 1995b, Boykin et al. 2012, and 

Liu et al. 2012, have based their evidence on one ~780 bp fragment corresponding to the 3′-end 

of the mtCOI gene, and substantial mtCOI diversity have been shown to occur within mitotypes. 

For example, with a small sample size but representing populations worldwide, the genetic 

divergence (using the K2P distance method) between mitotypes ranges from 0 to 26%, with 20-

26% being observed within the Sub-Saharan Africa clades whereas the Africa/Middle East/Asia 

Minor and New World clades show a divergence of up to approximately 14% and approximately 

8%, respectively (Brown 2009, Brown and Idris 2005, De Barro et al. 2011). For comparison, the 

genetic divergence within the B. tabaci s.s.g. is considerably higher than the within-genera 

divergence observed for aphids, at up to 14% (Lee et al. 2011). Presently available mtCOI 

phylogenies for the B. tabaci s.s.g. have been reconstructed using a Bayesian Inference approach 

(Boykin et al. 2012, Brown, 2010, Hu et al. 2011, Firdaus et al. 2013), resulting in the 

recognition of 29-39 mitotypes, with the overall pattern being contained within seven major 

clades (Brown 2009). Initially, this classification was determined using a theoretical genetic 

divergence threshold of 3.5% as the cut-off for putative species, using the Hasegawa, Kishino 

and Yano 1985 (HKY85) (Hasegawa et al. 1985) model of evolution (Dinsdale et al. 2010). 

However, this cut-off was later ‘adjusted’ to 4%, based on genetic divergence frequency 

distributions, including COI sequences that were not part of the former analysis (Lee et al. 2013). 

Also, Boykin et al. (2012) used Ross’s inter-species tree pairwise distances as a species 

delimitation measure (referred to by Boykin as the K2P distance) and set a threshold of 1% and 

concluded that the K2P alone failed to provide convincing evidence for distinct species among B. 
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tabaci. Thus, the lack of standard measures for species delimitation, or valid, defined species cut-

offs, based on rigorous sequence alignment of the same COI fragment length by all, variable 

sample size and distribution, makes putative species assignment a confounding exercise that is 

prone to misinterpretation.  

In this study, intra and inter-species evolutionary divergences using the F84 model 

markedly differ from Ross’s intra and inter-species tree divergences calculated using the species 

delimitation plugin, implemented in Geneious (Kearse et al. 2012). Likewise, decision-making to 

reject a hypothesis when the observed value is at the cusp of the threshold can be problematic, in 

this work, the Rodrigo’s P (RD) species delimitation (Rodrigo et al. 2008) analysis indicated 

evidence for panmixis, which supports a cryptic species status for the group, however, this result 

was dependent on the particular genetic group and on the COI fragment analyzed. This indicates 

that the number of (putative) species delimited with a basis in either of the COI gene fragments 

tested (and, compared to the more desirable results expected using nuclear makers) may not 

occur uniformly across the B. tabaci s.s.g., making the approach less than optimal for species 

delimitation on a global scale for this taxon. 

The extent of sequence divergence and nt composition were similar for the 5-′ and 3′- 

fragments with numbers agreeing with the results of Hiesh et al. (2014). Nevertheless, the 

number of segregating sites, a standard measure of markers informativeness, is considerably 

higher in the 3′ fragment which may indicate at first that the 3′ fragment is the mtDNA COI 

fragment of choice to infer the phylogeny of B. tabaci. The extent to which this fragment was 

informative was variable, based on the large differences observed for the transition/transversion 

ratio, at 2.9 and 5.9, for the 3′ and 5′ fragment, respectively. The difference between the ratios of 

the two halves of the COI gene are considered unlikely to derive from amino acid sequences 
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dissimilarities as ratios of 0-fold, 2-fold, and 4-fold degenerated sites are similar between 

fragments (Table 2.4). This result is reminiscent of the result obtained by Erpenbek et al. (2006), 

in which the Ti/Tv ratio for the 5′ end was twice that of the 3′ fragment. Similarly, Lehr et al. 

(2005) found a high Ti/Tv ratio (6.8) when analyzing of the mtCOI gene sequences of the 

Anopheles albitarsus species complex. 

Although, here, the 5′ -fragment tree topology was similar to that recovered for the 3′-

fragment, , the two differed with respect to sister clade relationships within the Asia II and Sub-

Saharan Africa major clades, perhaps suggesting that mitotype clustering in a particular mitotype 

may vary depending on the uniqueness and number of sequences included in the analysis. This 

assumption is also backed by the high divergence occurring within genetic groups and segments 

of a gene, for instance Asia II-7 intraspecific divergence dramatically varied between COI 

segments. Ashfaq et al. (2014) did not detect any differences between fragments and thus 

suggested interchangeability between them. However Asha and Ramamurthy (2014) suggested 

that the 3′-end sequence of the COI gene provided greater resolution at taxonomic levels below 

the ‘species’. The topologies reconstructed here for the different mtCOI fragments generally 

agree with those previously reported by Brown (2010), Dinsdale et al. (2010) and Boykin et al. 

(2012). However, when concatenated, the boostrap support values were increased markedly, and 

resolved a roboust phylogenetic tree that was 100% in agreement with the 5′-COI tree. This 

result is also supported, by the MSN analysis that reveals greater rare mitotype diversity than that 

observed when fragments are used independently. Thus, the concatenated fragment that spans 

nearly the entire mtCOI gene provided the most robust phylogenetic tree among the three options 

tested. 
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Our results suggest that global species demarcation within B. tabaci could arrive to different 

conclusions whether one fragment is chosen over the other to calculate pairwise distances. The 

most parsimonious solution consists in setting a particular range of the mtCOI delimited by 

specific coordinates that will ultimately produce an informative alignment of a uniform size. In 

this line, the lack of a pipeline to study the diversity of B. tabaci has led to the generation of 

amplicons of varying sizes that lead to the shortening of final global alignments. For instance, 

one group (Boykin and De Barro 2014) has endorsed the PCR primers set designed by Simon et 

al. (1994), which were demonstrated to be informative for B. tabaci with a basis in 

phylogeography (Frohlich et al. 1999), and at the same time, they suggest the use of primers 

designed by Shatters et al. (2009) that produce a shorter amplicon, which has not been validated 

large-scale for phylogeographic robustness, with respect to the major phylogeographic clades on 

the global map (Frohlich et al. 1999, Brown et al. 1995b, Brown, 2010). This concern is 

supported by the fact that for certain primer pairs and gene regions, in particular for the 5’-end 

primers, sufficient sets of global reference sequences are not available. Taken together, the extent 

of a particular molecular marker to provide a comparably informative result across this global 

cryptic species, is a key consideration for phylogenetic and phylogeographic analyses of the B. 

tabaci s.s.g., making target regions not altogether interchangeable, if not unadvisable. 

Additionally, the value of a standard set of reference sequences, verified to be of mitochondria 

origin, and determined from morphologically-verified B. tabaci individuals, and other described 

Bemisia species (Brown 2010, Gill and Brown 2010), cannot be overemphasized.  
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Table 2.1. Species delimitation measures for the three genetic variants found in Pakistan. 

  

Genetic 

Group 

Closest 

Group 

Intra 

Dist 

(%) 

Intra 

F84 

Inter 

Dist 

(%)b 

Inter 

HKY85c 
P ID (Strict) P ID (Liberal) 

P 

(Randomly 

Distinct) 

Clade 

Supportd 

5′-end 

Asia_II-1 Asia_II-7 0.215 0.578% 2.608 10.76% 0.96 (0.91, 1.0) 0.99 (0.96, 1.0) < 0.05 1 

Asia_II-7 Asia_II-1 0.116 0.074% 2.608 10.76% 0.98 (0.93, 1.0) 1.00 (0.97, 1.0) < 0.05 1 

Asia_II-5 Asia_II-7 0.081 0.065% 2.683 9.93% 0.77 (0.60, 0.95) 0.99 (0.85, 1.0) < 0.05 1 

Asia_II-1 Asia_II-5a - - - 11.65% - - - - 

3′-end 

Asia_II-1 Asia_II-7 0.142 0.674% 2.956 9.95% 0.98 (0.93, 1.0) 1.00 (0.97, 1.0) < 0.05 1 

Asia_II-7 Asia_II-1 0.068 0.016% 2.956 9.95% 0.99 (0.94, 1.0) 1.00 (0.97, 1.0) < 0.05 1 

Asia_II-5 Asia_II-1 0.239 0.375% 3.053 11.88% 0.74 (0.56, 0.92) 0.96 (0.82, 1.0) 0.27 1 

Asia_II-5 Asia_II-7a - - - 12.50% - - - - 

Concatenated 

Asia_II-1 Asia_II-7 0.17 0.627% 3.216 9.53% 0.98 (0.92, 1.0) 1.00 (0.97, 1.0) < 0.05 1 

Asia_II-7 Asia_II-1 0.071 0.044% 3.216 9.53% 0.99 (0.94, 1.0) 1.00 (0.97, 1.0) < 0.05 1 

Asia_II-5 Asia_II-7 0.147 0.200% 3.573 10.24% 0.76 (0.59, 0.94) 0.98 (0.84, 1.0) < 0.05 1 

Asia_II-1 Asia_II-5a - - - 10.71% - - - - 

 

a= Genetic variants are not sister clades and only F84 evolutionary inter-species distances was calculated for each group. 

b= Inter-species tree pairwise distances calculated using the species delimitation determined using the Geneious plugin.  

C= Inter-species pairwise distances using the F84 model of evolution calculated in software available in the R package. 

d= Posterior probability obtained from the Bayesian inference of the B. tabaci mtCOI gene phylogeny. 

 

 

 



 

 

Table 2.2. Nucleotide composition of the 3’- and 5’-end mtCOI fragments. 

    5′-end 3′-end 

  

 CODON 

POSITION 

T (%) A (%) G (%) C (%) T (%) A (%) G (%) C (%) 

Overall 44 23 18 14 44 23 20 13 

  First 31 29 25 15 30 29 26 15 

  Second 50 13 17 20 47 16 20 17 

  Third 52 27 13 7 54 24 15 7 
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Table 2.3.  The DNA polymorphisms and nucleotide diversity for the 5’- and 3’-mtCOI 

fragments. 

PARAMETER 

CODON 

POSITION 

5′-end                                 

(n=538) 

3′-end           

(n=538) 

S 

Overall 71 98 

First 13 15 

Second 11 12 

Third 47 71 

Hη 

Overall 73 107 

First 13 15 

Second 11 12 

Third 49 80 

H 

Overall 21 24 

First 9 9 

Second 9 8 

Third 13 17 

Hd 

Overall 0.398 ± 0.001 0.420 ± 0.0011 ** 

First 0.340 ± 0.001 0.349 ± 0.001 ** 

Second 0.327 ± 0.001 0.358 ± 0.001 ** 

Third 0.380 ± 0.001 ** 0.371 ± 0.0011 

π 

Overall 0.028 ± 0.0001 ** 0.026 ± 0.0001 

First 0.016 ± 0.0001 ** 0.006 ± 0.00002 
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Second 0.0027 ± 9.6E-06 ** 0.002 ± 0.00001 

Third 0.068 ± 0.0002 0.072 ± 0.0002 ** 

PARAMETER CODON 

POSITION 

5′-end  

(n=538) 

3′-end  

(n=538) 

θ 

Overall 0.027 ± 0.0003 0.028 ± 0.00025 * 

First 0.0138 ± 0.0002 ** 0.012 ± 0.0002 

Second 0.0122 ± 0.0002 ** 0.010 ± 0.00015 

Third 0.057 ± 0.001 0.063 ± 0.0006 ** 

κ 

Overall 10.784 13.264 

First 2.266 1.034 

Second 0.352 0.395 

Third 8.166 13.264 

S = Number of segregating sites.  

Hη = Total number of mutations.  

H = Number of mitotypes.  

Hd = Mitotype diversity  

Π = Nucleotide diversity.  

Θ = Nucleotide diversity from S. 

Κ = Average number of nucleotide differences.  

  

Diversity values correspond to the mean ± the SEM. 

  

* = The mean difference is significant at the 0.01 level.  

  

** = The mean difference is significant at the 0.001 level. 

Asterisks stand by the highest mean.  
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Table 2.4. Evolutionary parameters for the 3’- and 5’-mtCOI fragments estimated from 538 

sequences and three mitotypes.  

    5′-end  3′-end 

Ti/Tv ratio 

Overall 5.9 2.93 

First codon position 4.81 1.85 

Second codon position 0.99 1.32 

Third codon position 5.41 4.22 

0-fold degenerated sites ratio 0.62 0.63 

2-fold degenerated sites ratio 0.17 0.18 

4-fold degenerated sites ratio 0.15 0.14 

 

Ti/Tv = Number of transitions divided by number of transversions.  
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Table 2.5. Statistical tests assessing population expansion of Asia II-1 and Asia II-7 mitotypes 

based on the 3’-, 5’- , and concatenated fragments.  

 

 

*= The mean difference is significant at the 0.05 level.  

** = The mean difference is significant at the 0.01 level.  

*** = The mean difference is significant at the 0.001 level.  

Asia_II-1 0.0122 * 0.0171 * 0.0124 *

Asia_II-7 0.0485 * 0.0844 * 0.0538 *

Asia_II-1 -2.2895 ** -2.618 *** -2.6995 ***

Asia_II-7 -2.4951 ** -1.9174 * -2.6029 ***

Asia_II-1 -33.603 * -44.313 * -83.631 *

Asia_II-7 -6.948 * -2.243 * -7.156 *

5′-end 3′-end Concatenated

R
2

Tajima's D

Fu's Fs
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 Figure 2.1.  Map of Pakistan showing cotton growing locales, in light-grey (Source: USDA). 

Connectors indicate districts sampled and doughnut charts show the proportion of genetic group 

abundances in non-cotton (inner chart) and cotton (outer chart) hosts. Of the three locations 

studied, Lahore was the only locality to harbor the three B. tabaci Asia II.  
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Figure 2.2.  Global Bayesian inference of the B. tabaci s.s.g. phylogeny based on the 3′-end of 

the COI gene. The nomenclature in parentheses corresponding to putative ‘species’ 

proposed by Dinsdale et al. (2010), or mitotypes, and bolded major phylogeographic 

clades, taken from Brown (2009). Closed circles show ≥99% posterior probability, while 

 II 
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opened circles show 95-98% posterior probabilities, and * indicates a recently identified 

mitotype in Pakistan (Ashfaq et al. 2014). The outgroup is the banded-winged whitefly 

Trialeurodes abutilonea (Haldeman). 
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Figure 2.3. Global Bayesian inference of the B. tabaci s.s.g. phylogeny based on the 5′-end of 

the COI gene. The nomenclature in parentheses reflects the putative ‘species’ proposed 

by Dinsdale et al. (2010), or mitotypes, and the bolded major phylogeographic clades are 

taken from Brown (2010). Closed circles show ≥99% posterior probability, while opened 

circles indicate 95-98% posterior probabilities. The outgroup sequence used is the 

greenhouse whitefly Trialeurodes vaporariorum (Westwood). 

 

 
 

Figure 2.4. Observed mismatch distribution and fits to the expected model of demographic expansion.  

Mismatch distributions of individuals of the Asia II-1 mitotype, (A) 5-fragment (raggedness statistic: 

0.6242; r2: 0.0195) and (B) 3′-fragment (raggedness statistic: 0.6317; r2: 0.0068). Graphs C and D 



71 

 

correspond to individuals of the Asia II-7 mitotypes using the 5′- (raggedness statistic: 0.6848; r2: 

0.0462) and 3′- fragment (raggedness statistic: 0.8955; r2: 0.0781), respectively. 
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Figure 2.5.  Phylogenetic reconstructions of the B. tabaci s.s.g. based on the (A) 5′- and (B) 3′-fragment. The nomenclature 

corresponds to the major phylogeographic clades from Brown (2012). Support values above branches correspond to 

bootstrap values / posterior probabilities at each node for the corresponding end, and the value placed below branches 

 II 
 II 
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corresponds to bootstrap values / posterior probabilities at each node for the concatenated fragments. The greenhouse 

whitefly (Trialeurodes vaporariorum Westwood) was used as outgroup. 

 
Figure 2.6. Minimum Spanning Network (ɛ=0) based on 618 bp of the 5′ end of the mtCOI gene. Circles represent mitotypes, 

and the size is proportional to frequency. The star-like structures showing a predominant mitotype, surrounded by more rare 

mitotypes that have accumulated mutations, associated with Asia II-1 (left) and Asia II-7 (right), in support of demographic 

expansion. Small vertical bars across connectors show the number of mutations/steps between mitotypes. One hypothetical most 

Non-cotton 
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parsimonious route is shown between mitotypes Asia II-1 and -7. Pie charts show the proportion of plant hosts, as cotton or non-

cotton for each individual sample.  

 
Figure 2.7. Minimum Spanning Network (ɛ=0) based on 651 bp of the 3′-end of the mtCOI gene. Circles represent mitotypes, 

and the size is proportional to frequency. The star-like structures showing a predominant mitotype, surrounded by more rare 

mitotypes that have accumulated mutations, associated with Asia II-1 (left) and Asia II-7 (right), in support of demographic 

Non-cotton 
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expansion. Small vertical bars across connectors show the number of mutations/steps between mitotypes. One hypothetical most 

parsimonious route is shown between mitotypes Asia II-1 and -7. Pie charts show the proportion of plant hosts, as cotton or non-

cotton for each individual sample. 

 

Figure 2.8. Minimum Spanning Network (ɛ=0) based on 1227 bp of the concatenated 5′- and 3′- fragments. Circles represent 

mitotypes, and the size is proportional to frequency. The star-like structures showing a predominant mitotype, surrounded by 

Non-cotton 
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more rare mitotypes that have accumulated mutations, associated with Asia II-1 (left) and Asia II-7 (right), in support of 

demographic expansion. Small vertical bars across connectors show the number of mutations/steps between mitotypes. One 

hypothetical most parsimonious route is shown between mitotypes Asia II-1 and -7. Pie charts show the proportion of plant 

hosts, as cotton or non-cotton for each individual sample. 
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CHAPTER 3: ENDOSYMBIONTS OF THE WHITEFLY BEMISIA TABACI CRYPTIC 

SPECIES COMPLEX ASSOCIATED WITH THE COTTON LEAF CURL DISEASE 

PANDEMIC IN PAKISTAN 

Abstract 

Endosymbionts associated with the whitefly Bemisia tabaci are of interest owing to their 

co-evolutionary relationship and biological consequences in shaping the adaptation of B. tabaci 

to agroecosystems. To better understand the complexity of endosymbiotic communities in B. 

tabaci colonizing cotton and other cultivated crops in Pakistan, the complete 16S ribosomal 

DNA gene (16S rDNA) was used as a marker to determine the identity and diversity of 

prokaryotic symbionts in individual whiteflies. Further, the cladogenesis between Portiera, 

Arsenophonus and B. tabaci was assessed by comparing phylogenetic tree topologies, 

substitution rates and divergence times estimated from the 16S rDNA sequence data. 

Arsenophonus was detected almost fixed at a frequency of 93% and several unique OTU copies 

of Arsenophonus were restricted to the Asia II-5 mitotype of B. tabaci, suggesting a possibly 

unique environmental adaptation. Cardinium, Hemipteriphilus, Rickettsia, and Wolbachia were 

also detected at low frequencies. A total of 49 OTUs were identified and hierarchical clustering 

of B. tabaci mitotypes based on the number of shared OTUs proposes host-based and 

environmental-related differentiation. Parallel cladogenesis has been disrupted within B. tabaci 

and although Portiera evolves at 2.5 substitutions/100bp/50my, sequence divergence within the 

complex is minimal, thereby disallowing rejection of the hypothesis that gene flow is absent 

among B. tabaci. Conversely, the horizontal transmission of Arsenophonus was supported, with 
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partial cospeciation being detected within Asia II. Finally, a brief discussion regarding the 

possible reproductive manipulator behavior of Arsenophonus that could have driven its spread 

sweeping particular mtCOI-types and geminiviruses is provided. 

Introduction 

The Bemisia tabaci s.s.g. (Brown et al. 1995b, Gill and Brown 2010) is considered to 

comprise a large number of cryptic species and some are recognized as important pests and 

vectors of plant viruses of at least five genera (Brown 2010, Brown et al. 1995b, Jones 2003, 

Navas-Castillo et al. 2011, Polston et al. 2014). Whitefly-transmitted viruses have become 

important worldwide during the past forty years (Brown 1992, 1994, Lapidot et al. 2015, 

Anderson et al. 2014, Navas‐Castillo et al. 2014). One such example is the cotton leaf curl 

disease (CLCuD) complex which has persistently caused crop losses in cotton producing areas in 

Pakistan since 1992-93, when 50-80% losses were reported  (Mansoor et al. 2003b).  To 

counteract the disease, improved cotton varieties were introduced, but a previously unknown 

recombinant begomovirus strain, Cotton leaf curl Kokhran virus-Burewala (CLCuKoV-Bu) and 

associated Cotton leaf curl Multan betasatellite (CLCuMuB) (Briddon et al. 2000, 2001), broke 

the resistance causing a second outbreak in 2001. Currently CLCuKoV-Bu has spread from its 

epicenter towards the entire cotton growing region in Pakistan and India (Mahmood et al. 2003, 

Rajagopalan et al. 2012). 

Despite the severity of the disease and its pandemic status, only a few studies have 

addressed the potential of different B. tabaci mtCOI-types to upsurge in virus-resistant cotton 

lines (Mansoor et al. 2003a); the capacity for differential begomovirus transmission (Brown and 
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Czosnek 2002, Bedford et al. 1994, Idris et al. 2001, Harrison and Robinson 1999, Polston et al. 

2014)  possibly faciliated  by endosymbionts (Guo et al. 2015, Götz et al. 2012, Morin et al. 

1999, 2000); the symbiotic composition and/or other biological parameters that might influence 

the spread of plant viruses in cotton-vegetable production systems in Pakistan, including those 

associated with CLCuD outbreaks.  These differential host traits, together with the ability of the 

virus to diversify (Brown, 2007b) in response to the widespread planting of a virus resistant 

cotton cultivar, represent single or combined possible explanations for the occurrence of 

successive CLCuD outbreaks throughout cotton-vegetable growing provinces of Pakistan and 

more recently; for the spread of CLCuKoV-Bu in the Punjab region in India (Rajagopalan et al. 

2012), and the progressive expansion of B. tabaci haplotypes from north to south Pakistan 

(Ahmed et al. 2011, Naranjo et al. 2010, Paredes-Montero et al. 2017) and east India (Lisha et al. 

2003, Zhang et al. 2005). In this context, the study of the vector and the possible factors driving 

its behaviour was of interest.   

On the other hand, the delimitation of species within the B. tabaci s.s.g. using the 3' end 

of the mtCOI as a phylogenetic marker, has been debated for decades (Brown et al. 1995b, 

Frohlich et al. 1999, Brown 2010, Gill and Brown 2010) and a current classification relies on the 

calculation of pairwise nucleotide divergence using the 3'-fragment (~750 bp) of the mtCOI gene 

(Dinsdale et al. 2010). However, the adequacy of mitochondrial genes to reconstruct a phylogeny 

has been criticized (Galtier et al. 2009), primarily due to concerns of presumed linkage 

disequilibrium associated to the capacity of certain endosymbiotic bacteria (e.g. Wolbachia spp. 

or Cardinium spp.) to influence selective genetic sweeps and subsequently provoking the spread 

(or extinction) of particular mitochondrial types (Hurst and Jiggins, 2005) in the population. 
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Besides bacterial sweeps, the use of a single fragment of the mitochondria has been also 

questioned given the cryptic nature of the B. tabaci taxon (Brown et al. 1995b, Hadjistylli et al. 

2016, Gill and Brown 2010, Russell 1957), the potential for hybridization (Legg et al. 2014), the 

difficulty of setting a genetic divergence threshold that will likely fluctuate with sampling 

strategies and sample size (Lee et al. 2013) and the paucity of biological characteristics 

associable with most extant cryptic species groups (except for the few known invasive 

haplotypes), including endosymbionts composition. Hence, new approaches with basis on 

biology to classify members of the B. tabaci s.s.g. are required. 

Hemipterans (Hemiptera; s.o. Homoptera), including aphids, mealybugs, psyllids, scales, 

and whiteflies harbor obligate and facultative bacteria referred to as endosymbionts (Buchner 

1965). The obligate, also known as primary endosymbionts, have a long evolutionary history 

with the host (van Ham et al. 2003, Moran 2001), and serve as a metabolic partner that provides 

nutrients in sap-sucking insects which diet is deficient in amino acids and other nitrogenous 

compounds (Baumann 2005, Douglas 1998). Such intimate relationship may lead to a host-

symbiont cospeciation scenario that is reflected in the congruency of the phylogenetic topologies 

of the insect and the bacteria (Moran and Baumann 1994). Facultative or secondary 

endosymbionts are represented by diverse bacterial taxa (Costa et al. 1995, Zchori-Fein and 

Brown 2002, Zchori-Fein et al. 2004, Nirgianaki et al. 2003, Gottlieb et al. 2006, Bing et al. 

2013) and apparently confer indirect fitness benefits as protection against natural enemies 

(Oliver et al. 2006, Ferrari et al. 2004), host plant specialization (Tsuchida et al. 2004), thermal 

tolerance (Russell and Moran 2006) and possibly insecticide resistance (Kontsedalov et al. 2008, 

Ghanim and Kontsedalov 2009). Endosymbionts are maternally transmitted, although facultative 



81 

 

symbionts may also be horizontally transmitted within and between species on different 

evolutionary time scales (Chen and Purcell 1997, Sandström et al. 2001, Moran et al. 2008, 

Duron et al. 2010). A third classification may include minor symbionts, which manipulate host 

reproduction (Werren et al. 2008, Engelstadter and Hurst 2009) to enable their spread and 

maintenance in the population, including Candidatus Wolbachia sp. (Stouthamer et al. 1999) and 

Candidatus Cardinium sp. (Zchori‐Fein and Perlman 2004). 

The primary symbiont, Candidatus Portiera aleyrodidarum (Baumann 2005), herein 

referred to as Portiera, has been shown to synthesize threonine and tryptophan that are 

unavailable in plant sap (Santos-Garcia et al. 2012). In addition, at least seven secondary 

endosymbionts have been associated with B. tabaci, including Candidatus Arsenophonus 

nasoniae, Candidatus Hamiltonella defensa, Candidatus Cardinium hertigii, Candidatus 

Wolbachia pipientis, Candidatus Ricketsia bellii (Gottlieb et al. 2006),  Candidatus Fristchea 

bemisiae and Candidatus Hemipteriphilus asiaticus (Bing et al. 2013), herein referred to as 

Arsenophonus, Hamiltonella, Cardinium, Wolbachia, Rickettsia, Fristchea and Hemipteriphilus, 

respectively. The role of these symbionts in whiteflies is far from well understood. To date, it is 

known that endosymbiont-encoded heat shock proteins have been implicated in transmission of 

plant-infecting begomoviruses (family, Geminiviridae) (Morin et al. 1999), including 

Arsenophonus and Hamiltonella.  Also, Wolbachia and Cardinium have been associated with 

cytoplasmic imcompatibility (CI) (Caballero, 2006) in mating studies using three different B. 

tabaci haplotypes. And, Rickettsia has been related with insecticide susceptibility and 

thermotolerance in B. tabaci (Ghanim and Kontsedalov 2008, Kontsedalov et al. 2008, Brumin et 

al 2011). 
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Taken together, the contributions of endosymbionts to mediate virus transmission, confer 

host fitness, induce selection up to CI-mediated speciation and to aid the understanding of their 

host evolutionary process, has fomented the study of endosymbiont communities inside members 

of the B. tabaci and their impact on phylogenetic resolution, potential to transmit plant viruses 

and fitness shifts (Zchori-Fein and Brown 2002, Gueguen et al. 2010, Park et al. 2012, Chiel et 

al. 2007). For instance, Kontsedalov et al. (2008), determined a correlation between Rickettsia-

infected B. tabaci and susceptibility to insecticides. In addition, Wolbachia mediated speciation 

has been suggested for some wasp species (Bodenstein et al. 2001, Telschow et al. 2007). 

Therefore, determining endosymbiont arrangements and diversity at the molecular level seems 

necessary to further characterize whitefly haplotypes in Pakistan and to better understand their 

evolutionary process. 

The objective of this study was to determine the endosymbiont composition for whitefly 

B. tabaci mtCOI-types associated with cotton-vegetable cropping systems in eleven cotton-

growing and one non-cotton locale of Pakistan where the cotton leaf curl disease pandemic has 

been ongoing since 2004-present (Sattar, 2013). Further, the different levels of fixation of some 

facultative symbionts is discussed regarding the apparent expansion of whitefly vector and virus 

in Pakistan. In addition, this study aim to explore the association between mitotypes regarding 

shared OUT diversity, through the clustering of 16 rDNA matrices into operational taxonomic 

units. Finally, the extent of host-symbiont interaction was studied by using symbiont and host 

molecular data to test for parallel cladogenesis, estimate divergence times and substitution rates. 
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Materials and Methods 

            Whitefly sampling and DNA extraction.  

Whitefly adults were collected from cotton and other nearby infested crop and non-crop 

plant species, in eleven major cotton-growing districts in Pakistan: Bahawalnagar, Bahawalpur, 

Khanewal, Lodhran, Multan, Okara, Pakpattan, Rahim Yar Khan, Sahiwal, Shaheed Benazir 

Abad, Vehari and one non-cotton growing district, Lahore. At each sampling site (> 1 per 

district), multiple samples were collected.  Each sample consisted of all whiteflies that could be 

collected from each infested plant, using a hand-held aspirator. A minimum of six individual 

whiteflies per plant were placed live into a 1.5 ml microfuge tube containing 95% alcohol. 

Samples were stored at -20oC.  

The total DNA was purified from two hundred and seventy-seven whiteflies, according to 

the procedures described by Xhang et al. (1998). Each whitefly was placed briefly on a piece of 

filter paper to remove ethanol, ground in 600 µl of CTAB lysis buffer (100 mM Tris-HCl pH 8.0, 

20 mM EDTA pH 8.0, 1.4 M NaCl containing 0.2% 2-mercaptoethanol, 2% hexadecyltrimethyl-

ammonium bromide) and incubated at 65oC for 15 min. One vol chloroform was added, and tube 

contents were mixed and centrifuged at 12,000 RPM and 4oC for 3 min. The supernatant was 

transferred to a sterile microfuge tube, and one vol isopropanol and glycogen (40μg) were added, 

followed by incubation at 4oC for 10 min. The mix was further centrifuged at 12,000 rpm and 

4oC for 10 min. The pellet was washed with 70% ethanol, air dried, and dissolved in 10 mM 

Tris–Cl pH 8.0. The quality of DNA was confirmed by polymerase chain reaction (PCR) 

amplification of a ~850 bp fragment of the mitochondrial cytochrome oxidase subunit I gene (3′-
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end fragment) using the primers, C1-J-2195 (5′-TTGATTTTTTGGTCATCCAGAAGT) and L2-

N-3014 (5′-TCCAATGCACTAATC TGCCATATTA) (Simon et al. 1994). 

            Characterization of whitefly B. tabaci.  

The 3′-end of the mtCOI gene was amplified by PCR using the Simon (1994) primers 

described above. The PCR reactions (25 μl) contained 1x Jumpstart REDTaq ReadyMix (Sigma-

Aldrich, Saint Louis, Missouri), primers (0.4 μM), 20 ng whitefly DNA, and double-distilled 

(dd) water. The cycling conditions were:  initial denaturation at 95°C for 2 min, followed by 30 

cycles of 95°C for 60 s, 52°C for 60 s and 72°C for 60 s, with a final extension step for 5 min at 

72°C. The PCR products were confirmed by electrophoresis on a 1% agarose gel in 1X TAE 

buffer, pH 8.0, containing 1X gel red, at 100 V for 50 min. 

             Identification of whitefly B. tabaci endosymbionts.  

The 16S ribosomal DNA gene (rDNA) was PCR-amplified using the degenerate primers, 

27F (5'-AGAGTTTGATCMTGGCTCAG) and 1513R (5'-ACGGYTACCTTGTTACGACTT) 

(Weeks et al. 2003, Weisburg et al. 1991). The PCR parameters consisted of an initial 

denaturation step of 94°C for 2 min followed by 35 cycles of 94°C for 60 s, 55°C for 60 s and 

72°C for 60 s, with a final elongation step for 20 min at 72°C. The PCR products were verified 

for expected size by electrophoresis on a 1% agarose gel, as described above. 

In samples that resulted negative for the presence of Arsenophonus, its presence was 

further confirmed by PCR amplification using the previously published, species-specific primers, 

Ars23S-F 5'-CGTTTGATGAATTCATAGTCAAA and Ars23S-R 5'-

GGTCCTCCAGTTAGTGTTACCCAAC (Zchori-Fein and Brown 2002). The PCR reactions 
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were performed as described above. Cycling conditions were as follows: initial denaturation at 

95°C for 5 min followed by 30 cycles of 95°C for 30 s, 60.5°C for 30 s and 72°C for 45 s, and a 

final extension step for 10 min at 72°C. The PCR products were confirmed on a 1% agarose gel 

(1X TAE, pH 8.0; 1X gel red, 100 V for 50 min). 

            Cloning and DNA sequencing.  

The amplicons were cloned into the pGEM-T Easy plasmid vector (Promega, Madison, 

WI) using E. coli DH5α competent cells. Twelve clones per whitefly individuals were selected 

and each was screened for an insert of the expected size, using colony PCR (Güssow and 

Clackson, 1989), and Sanger DNA sequencing with the universal M13F (5'-

TGTAAAACGACGGCCAGT) and M13R (5'AGGAAACAGCTATGACCATG) primers 

(Promega, Madison, WI). The cycling parameters were as follows: initial denaturation at 94°C 

for 10 min, followed by 35 cycles at 94°C for 60 s, 53°C for 60 s, and 72°C for 3 min, and a final 

elongation step for 10 min at 72°C. The amplicons were analyzed for expected size by 

electrophoresis on a 1% agarose gel in 1X TAE, pH 8.0, containing 1X gel red (Biotium, 

Hayward, CA), at 80-100 V for 50 min.  

The colony PCR products of the expected size were submitted for bi-directional DNA 

(Sanger) sequencing using the ABI 3700xl capillary sequencer, available at the University of 

Arizona Genomics Core (http://uagc.arl.arizona.edu/).  The sequences were assembled and edited 

with the SeqMan Pro software available in the DNASTAR ® Lasergene ® v8.0 package 

(DNASTAR, Inc., Madison, WI 53705, USA), and contigs were exported as fasta files. 

http://uagc.arl.arizona.edu/)
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Sequences were annotated using Blast2Go software (Conesa 2005), and the top twenty hits were 

tabulated to establish preliminary identification. 

            Phylogenetic analysis.  

The mtCOI sequences were aligned using MUSCLE v3.8.31 (Edgar 2004) available in 

the Align Multiple Sequences tool, implemented in Mesquite 2.75 (Maddison and Maddison 

2014). The alignment was trimmed to 725 bp and terminal gaps were treated as missing data. 

Identical (100%) sequences were collapsed into single haplotypes using FABOX v1.41 

(http://users-birc.au.dk/biopv/php/fabox/). The sequences containing ambiguities, indels, stop 

codons, and singletons, were considered pseudogenes and therefore were removed from the 

analysis. Additionally, cloning the mtCOI amplicon aided to identify NUMTS, when one of the 

clones from the same individual fall outside and/or into a different clade, the sequence was 

considered a NUMT and therefore was removed from the alignment. 

The 16S rDNA sequences were classified into matrices by symbiont genera using a 

BLAST criterion. The sequences were aligned using the SILVA Incremental Aligner (SINA) v 

1.2.11, a ribosomal structure-sensitive tool that uses around two million bacterial sequence 

references (Pruesse et al. 2012). These alignments were further manually edited when needed, 

filtered and trimmed to 1084 bp using Mesquite v 2.75 (Maddison and Maddison 2014).  

The best model of evolution for all alignments was determined using jmodeltest v2.1.7 

(Darriba et al. 2012) based on a consensus of the Akaike Information Criterion (AIC), the 

Bayesian Information Criterion (BIC), the corrected Akaike Information Criterion (AICc) and 

the Decision Theory Performance-Based Selection (DT) parameters. 
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Bayesian inference (BI) was performed in BEAST v 1.8.4 (Bouckaert et al. 2014) in four 

independent Markov chain Monte Carlo (MCMC) runs, each with four Markov chains and 1 x 

109 generations. Trees were sampled every 10000th generation. The log-likelihood scores were 

plotted against the sampled generations using Tracer v 1.6 (Rambaut and Drummond 2014) to 

verify the stability of convergence of the chain, and to determine the ‘burn-in’ value. The 

Effective Sample Sizes (ESS) values were monitored for each run to ensure they exceeded 200. 

The MCMC log and tree files from the different runs were combined using LogCombiner v 1.8.4 

(Drummond and Rambaut 2007). Trees from the first 1 x108 generations of each replicate were 

discarded as burn-in. The 50% majority-rule consensus tree was annotated using TreeAnnotator 

v1.8.4 (Drummond and Rambaut 2007) and visualized using FigTree v1.4.2 

(http://tree.bio.ed.ac.uk/software/figtree/). 

            Bacterial Operational Taxonomic Units (OTUs) analysis.  

Chimeric sequences and contaminants were removed from the alignment using the 

uchime (Edgar et al. 2011), classify.seqs and removed.lineage algorithms implemented in Mothur 

1.4 (Schloss et al. 2009), the remaining potential chimeras were manually removed from the 

alignment visualized in Mesquite v 2.75 (Maddison and Maddison 2014). The curated alignment 

was further used to cluster the 16S rDNA sequences into OTUs with a 3% cut-off by using the 

get.dist and cluster algorithms from the Mothur v1.4 pipeline (Schloss et al. 2009). The relative 

frequency of OTUs in the different B. tabaci mitotypes is summarized in the contingency table 

produced by the make.share algorithm (data not shown). The OTUs were taxonomically 

classified using the classify.seqs algorithm with the SILVA taxonomy database as reference; 

briefly, this algorithm uses the Wang method that calculates the probability of the query 

http://tree.bio.ed.ac.uk/software/figtree/
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belonging to a particular taxonomic group in the reference dataset. A single OTU representative 

sequence was then selected to build a phylogeny using the methods described above. 

From the contingency table produced in Mothur, a heat map and Pearson correlation 

coefficient (Pearson 1895) were calculated in RStudio V 0.99.484 using the packages Gplots 

(https://cran.r-project.org/web/packages/gplots/index.html) and Hmisc (https://cran.r-

project.org/web/packages/Hmisc/index.html), respectively. The dendrogram of the B. tabaci 

mitotypes associated to the heat map obtained in R was calculated using a Euclidean distance 

matrix. 

             Host-primary symbiont coespeciation.  

The coevolutionary relationship between the primary endosymbiont Portiera and its host, 

the whitefly B. tabaci, was studied by testing for three parameters that may reflect a parallel 

cladogenesis scenario: 1) congruent phylogenetic tree topology, 2) similar rates of evolution and 

3) contemporaneous divergence times (Page 2003). The rates of evolution, given in number of 

substitutions per site per million years, were calculated using the meanRate value, which is the 

estimated number of substitutions per site across the tree divided by the estimated length of the 

whole tree in time (Bouckaert et al. 2014). All indicators of host-symbiont cospeciation were 

calculated using a Bayesian approach implemented in the software BEAST v1.8.4 (Bouckaert et 

al. 2014). Reference sequences and outgroups, obtained from laboratory sequences (JK Brown, 

unpublished data) and GenBank (Benson et al. 2012), were included in both mtCOI and 16S 

rDNA alignments described before. Input files were built in BEAUTi v1.8.4 (Drummond and 

Rambaut 2007) for both mtCOI and 16S rDNA datasets. The model of evolution, which 

https://cran.r-project.org/web/packages/gplots/index.html
https://cran.r-project.org/web/packages/Hmisc/index.html
https://cran.r-project.org/web/packages/Hmisc/index.html
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calculation was described above, served as prior information. The General Time Reversible 

model with invariable sites (GTR+I) was used for the COI dataset, and the Hasegawa-Kishino-

Yano model with invariable sites (HKY+I) was used for the 16S set of Portiera sequences. A 

lognormal relaxed clock with a Birth-Death speciation process was selected for the bacterial 

dataset and a Yule speciation process for the mtCOI alignment. 

Two calibration points were employed from fossil records described in previous works 

and set to a uniform distribution. First, the divergence between psyllids and whiteflies (201-174 

mya, calibrator 1) and the split of Aleyrodidae into the subfamilies Aleyrodinae and 

Aleurodicinae (135–125 Ma, calibrator 2) (Drohojowska et al. 2011, 2015, Ouvrard et al. 2010). 

The choice of calibrator 1 was strategic given the fact that psyllids harbors Candidatus 

Carsonella ruddi, a primary symbiont closely related to Portiera, both placed within the family 

Halomonadaceae. It is therefore assumed that calibrator 1 corresponds to the divergence between 

Carsonella and Portiera. Both calibration points were used for the mtCOI and 16S rDNA 

datasets. The length of the MCMC chain was set to 1 billion with sampling every 100000th 

generation. Files generated in BEAUTi were used to perform four independent BEAST runs. The 

EES values and stability of convergence were explored as described before, log and tree files 

generated were burned-in and combined following the steps described above. Finally, an 

annotated consensus tree was obtained using TreeAnotator v1.8.4 (Drummond and Rambaut 

2007) and visualized in FigTree v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).  

 

 

http://tree.bio.ed.ac.uk/software/figtree/
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            Host-secondary symbiont cophylogeny.  

For the Arsenophonus dataset, host and symbiont phylogenies were recovered using a 

Bayesian analysis and the aphid Acyrthosiphon pisum was used as outgroup. The Hasegawa-

Kishino-Yano model with gamma distributed rate variation among sites (HKY+G) was used for 

the COI dataset, and the Tamura-Nei model with gamma and invariable sites (TrN+G+I) was 

used for the 16S set of Arsenophonus sequences. Bayesian analyses consisted of four 

independent MCMC runs, each composed of four Markov chains that were allowed to run for 

100 million generations. Trees were sampled every 10000th generation. The log-likelihood scores 

of sample points were plotted against sampled generations using Tracer v1.6 (Rambaut et al. 

2014), to verify stationarity of the chain, convergence, and to determine the burn-in value 

(number of trees generated before the chain reaches a plateau). ESS values were examined for 

each run and were well above 200. The MCMC runs were summarized using sump and sumt 

commands in MrBayes v 3.2.6 (Huelsenbeck et al. 2001). Trees from the first 2 x106 generations 

of each replicate were discarded as burn-in and the resulting 50% majority-rule consensus tree 

was visualized using FigTree v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/). 

Results 

            Characterization of whitefly B. tabaci haplotypes.  

Bayesian phylogenetic inference indicated that all sequences analyzed in this study 

grouped in the major Asia II clade, and three well supported groups were distinguished. Using 

reference sequences, the groups were identified as mitotypes Asia II-1, II-7, and II-5. The 

relative abundance of these mitotypes was as follows: 90.6% (n = 251) of the haplotypes 

http://tree.bio.ed.ac.uk/software/figtree/
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belonged to mitotype Asia II-1, 8.3% to Asia II-7 (n=23) and 1.1% to Asia II-5 (n=3). The Asia 

II-1 was the predominant type, and was found broadly distributed throughout the eleven cotton-

growing areas in Pakistan, including the Lahore collection site, which is not located near a 

commercial cotton growing area. For detailed demographic description and distribution of B. 

tabaci Asia II- haplotypes in Pakistan, see Ashfaq et al. (2014), Paredes-Montero et al. (2017) 

and Massod et al. (2017). 

            Identification of endosymbionts.  

Forty-three bacterial genera where identified among the three B. tabaci mitotypes, Asia 

II-1, Asia II-7, and Asia II-5 identified in cotton-growing areas of Pakistan. A taxonomic 

classification based on the Wang method (Schloos et al. 2009) and conducted using the SILVA 

database as reference (http://www.arb-silva.de), showed that these genera were represented by 

the following classes: Acidimicrobiia, Actinobacteria, Alphaproteobacteria, Bacilli, Bacteroidia, 

Betaproteobacteria, Gammaproteobacteria, Rubrobacteria, and Sphingobacteriia. The relative 

abundance of the bacterial groups is plotted in Figure 3.3.  

All bacteria classes were detected from Asia II-1 individuals, while the classes 

Actinobacteria, Alphaproteobacteria, Bacilli, Betaproteobacteria and Gammaproteobacteria were 

found associated to the Asia II-7 mitotype. In contrast, only the genera that grouped into the 

classes Alphaproteobacteria, Bacteroidia and Gammaproteobacteria were identified in samples 

belonging to the Asia II-5 mitotype.  And, genera from the two classes, Alphaproteobacteria and 

Gammaproteobacteria, were found to be associated with all of the B. tabaci mitotypes studied 

here.  
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The three most abundant classes, Gammaproteobacteria, Bacteroidia and 

Alphaproteobacteria, comprised approximately 90% of the 16S rDNA sequences that mainly 

grouped into the families Bacteroidaceae, Enterobacteriaceae and Halomonadaceae. The 

remaining 16S rDNA sequences clustered into thirty families, with relative abundances that 

varied across mitotypes (Figure 3.4). Interestingly, Bacteroidia, a class comprising the facultative 

symbiont Cardinium was not detected in mitotype Asia II-7, but it was present in Asia II-1 and 

Asia II-5 mitotypes. The basis for this pattern is not clear because the Asia II-7 and Asia II-5 

mitotypes were found associated with non-cultivated plant hosts and cotton plant in a multi-

cropping system, whereas, Asia II-1 was distributed in the cotton–growing areas where 

monoculture is common. 

Among the seven genera of endosymbionts known to infect B. tabaci, only the secondary 

bacterium Hamiltonella and the minor bacteria Fristchea were not found in whitefly samples 

from Pakistan. The primary Portiera and the secondary symbiont Arsenophonus were widely 

distributed at frequencies of 100% and 93%, respectively, throughout the twelve districts, 

different host species and mitotypes. Arsenophonus was found at almost fixation rates in Asia II-

1 in all districts studied. In Okara and Khanewal, where only the Asia II-1 mitotype was 

identified, Arsenophonus was not detected in all of the individuals tested; in Lahore, only two 

individuals were apparently not infected by this symbiont. Similarly, only one sample from Asia 

II-5 individuals tested resulted negative for Arsenophonus infection.  Other minor symbionts 

were also found but their distribution was limited to certain geographic regions, host or B. tabaci 

mitotype.  Cardinium infection was detected in only 29% of the whitefly samples studied, 

whereas, 8% harbored the recently described endosymbiont, Hemipteriphilus, and 4% were 
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infected with Rickettsia or Wolbachia, equally.  Although Cardinium and Wolbachia were found 

to be present in hypothetical mitotypes Asia II-1 and II-5, neither endosymbiont was detected in 

Asia II-7.  In contrast, Hemipteriphilus was present in Asia II-1 at low frequencies, ranging from 

5-20%, in five districts, including Lodhran, Lahore, Okara, Rahim Yar Khan and Vehari; but 

among the Asia II-7, it was restricted to collections from Lahore with a frequency of 39%. This 

symbiont was never detected infecting the Asia II-5 mitotype. Similarly, Rickettsia appeared to 

be rare, and was limited to Asia II-1 from the districts of Lahore, Okara and Rahim Yar Khan. 

Only Portiera and Arsenophonus were found in the southern province of Sindh (Figure 3.1). The 

true abundance of endosymbionts associated with each individual whitefly may not be 

represented by these estimates because it is possible that the PCR primers used here could have 

failed to amplify all resident bacterial representatives, however, estimates do provide patterns of 

abundance that parallel those identified in previous studies, in which their biologically functional 

importance has been inferred (Rastogi and Sani 2011).  

Individual whiteflies were frequently infected by several bacteria species, which in this 

work will be referred to as bacteria arrangements. Of the thirteen arrangements found in Pakistan 

(Figure 3.2), the combinations of Portiera-Arsenophonus (P-A) and Portiera-Arsenophonus-

Cardinium (P-A-C) were most commonly found regardless of collection site or plant host. The P-

A combination was found in whiteflies in all cotton-growing districts at different frequencies 

(e.g. 100% in Sahiwal), whereas, the P-A-C combination occurred in nine of twelve districts, and 

was restricted to the mitotypes, Asia II-1 and II-5. In the Asia II-7, the combinations P-A and P-

A-Hemipteriphilus (P-A-H) were found at a frequency of 61 and 39% respectively, the latter 

assemblage was also detected among the Asia II-1 individuals at very low frequency of 5%. The 
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P-A-H arrangement can commonly be accompanied by Cardinium and Rickettsia or Wolbachia. 

Furthermore, less common combinations were also detected, for instance, the P-C-Wolbachia (P-

C-W) that was only found in Asia II-5, and the combination P-A-Rickettsia (P-A-R) that was 

only found in the district of Okara in Asia II-1. The largest number of combinations (12 out of 

13) were found in Asia II-1 individuals and particularly twelve combinations where found in 

individuals collected from Okara, a district of northern Punjab, located close to Lahore. 

As many as five different endosymbiont species were identified infecting a single B. tabaci 

individual. The combination P-A-C-H-R was detected only in the Asia II-1 mitotype from the 

districts of Okara and Rahim Yar Khan, albeit, at apparently low frequencies. 

            OTU Analysis.  

Rarefaction curves (data not shown) of cloned 16S rDNA sequences grouped by B. tabaci 

genetic clusters generated non-asymptotic plots, which indicated that diversity was not 

exhaustively sampled due to insufficient sequencing. A clustering of the 16S rDNA sequences 

with basis on a 3% cut-off resulted in 49 OTUs. Figure 5 shows a heat map of the relative 

abundances of OTUs per mitotype, OTUs with the highest relative abundance correspond to the 

six genera of symbionts reported to be harbored by B. tabaci. The dendrogram plot drawn on top 

of the heat map in Figure 5, shows hierarchical clustering of B. tabaci mitotypes with basis on 

the relative abundance of shared OTUs, this analysis supports a closer relationship between the 

Asia II-1 and Asia II-7 than between Asia II-1 and II-5 or Asia II-5 and II-7, a clustering that was 

also supported by a Pearson correlation coefficient of 0.92 (p < 0.05) calculated from the 

contingency table (data not shown) of the OTUs relative abundance. Of the 49 OTUs, 63% were 
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unique to AsiaII-1, 4% to AsiaII-5 and 10% to AsiaII-7. Interestingly, several strains of the 

endosymbiont Arsenophonus were observed only in Asia II-5, a mitotype that resulted highly 

dissimilar to the others in terms of OTU abundance and diversity. 

Alfa diversity calculators shown in Figure 3.6 suggest Asia II-1 have the greatest 

diversity of OTUs followed by Asia II-7 and Asia II-5, which Chao (Figure 3.6a) and Simpson 

(Figure 3.6b) indices are statistically similar. The OTUs richness measured by the Chao index 

(Figure 3.6A), was higher in Asia II-1 at 61.86 than in Asia II-5 and -7 at 10 and 18 respectively, 

possibly because sampling was arbitrary in that it was driven by the widespread distribution of 

the whitefly vector throughout the cotton growing areas sampled in Pakistan (Paredes-Montero et 

al. 2017). The Simpson index also showed no statistical differences between Asia II-1 and Asia 

II-7. In contrast, the Shannon index of diversity showed statistically similar results for all 

mitotypes with values ranging from 1.63 to 1.71. 

Beta diversity indices that compare OTU structure between B. tabaci genetic clusters also 

support a closer relationship between Asia II-1 and Asia II-7 in terms of OTU richness and 

diversity (Figure 3.7). The Jaccard, Sorenson and Yue-Clayton theta indices of 0.14, 0.07 and 

0.14 respectively support the least dissimilarity between the B. tabaci mitotypes Asia II-1 and 

Asia II-7. The results of structure dissimilarity between Asia II-1 and Asia II-7 are in agreement 

with the Pearson correlation coefficient that supports the dendrogram shown in Figure 5. 

             Whitefly-Primary Endosymbiont Cospeciation. 

 The primary endosymbiont Portiera is hypothesized to have cospeciated with its host B. 

tabaci, due to their intimate evolutionary relationship that resulted in complementary protein 
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coding genes (e.g. the bacteriocytes expressed genes dapF and lysA, complement the genes 

missing in the Portiera genome that are required for lysine synthesis (Luan et al. 2015)) genome 

size reduction, etc. (Santos-Garcia et al. 2012); such cospeciation pattern is apparently absent as 

seen in the cophylogeny map shown in Figure 3.8. The phylogeny of the whitefly B. tabaci, 

based on the 3´-end of the COI gene resolved six out of the seven major phylogeographic clades 

described by Brown (2009), all with good support values (100% posterior probability). Only 

members from the VII major clade, American Tropics: South America, were not included in this 

analysis. Additionally, a Japanese mitotype (Ueda et al. 2009) was included for the B. tabaci 

dataset. The monophyly of the B. tabaci s.s.g. was also well supported and two other Bemisia 

species were placed basal to it, including B. tuberculata and a Bemisia species from New 

Zealand, the monophyly of the genus Bemisia showed good support as well as the monophyly of 

the family Aleyrodidae. Two representatives of the genus Trialeurodes were also included to 

root the subfamily Aleyrodinae, but the node was collapsed due to its low posterior probability. 

In addition, two species of the genus Aleurodicus, A. dispersus and A. dugessi, were included as 

representatives of the subfamily Aleurodicinae which formed a well-supported clade. The use of 

the date of divergence of the two subfamilies of Aleyrodidae as a calibration point to create dated 

phylogenies was possible by the inclusion of Aleurodicinae representatives. The psyllid species 

Diaphorina citri was used as outgroup of the host phylogeny, given that this group is the only 

species outside Aleyrodidae whose primary symbiont belongs to the same family as Portiera, the 

Halomonadaceae. 

For each COI sequence used in the host phylogeny, a corresponding 16S rDNA sequence 

of the primary symbiont was used to reconstruct the endosymbiont phylogeny. In the 
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endosymbiont phylogeny, the monophyly of the family Aleyrodidae, subfamily Aleurodicinae, 

genus Bemisia and “species” B. tabaci were well supported. All the B. tabaci symbiont 

sequences formed a well-supported polytomy (>90% pp), with two internal clades showing good 

support, but which relationships disagreed with their corresponding host relationships resolved 

by the COI (Figure 3.8). Moreover, all Portiera sequences from the B. tabaci s.s.g. were almost 

identical with overall sequence divergence, measured by the p-distance value, of 0.67%.  

At the species level and above, and considering the B. tabaci s.s.g. a single species, the 

cospeciation of Portiera and its host is supported by the congruence of their phylogenies. A 

similar result was observed by Thao and Baumann (2004a). However, a cophylogeny-like 

scenario is not supported at lower taxonomic levels, i.e. within the B. tabaci s.s.g., a group that is 

considered by some (Boykin et al. 2012, Lee at al. 2013, Firdaus et al. 2013) to consist of at least 

39 different species. 

Other signals of cospeciation were also explored. The rates of evolution for the host and 

the symbiont were dramatically different at 0.009 vs 0.00047 substitutions per million years 

respectively, that is, the rate of evolution of the host is evolving 20 times faster than its symbiont. 

These seeming low evolution rates of the primary symbiont, with respect to the host 

mitochondria, are particularly observed for members of the B. tabaci species complex (Figure 

3.8). Finally, the mean divergence times showed a gap of 34 million years between the apparent 

divergence of the B. tabaci s.s.g. and its primary symbiont, nonetheless the 95% confidence 

intervals of the estimation of divergence ages suggest overlapping divergence times. The 

radiation of the B. tabaci s.s.g. was estimated to occur 40 mya (Figure 3.8), somewhere between 
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the middle and the late Paleogene, while the age of the strain of Portiera that is harbored by 

members of the B. tabaci s.s.g. was estimated to occur 74 mya.  

            Whitefly-Facultative Endosymbiont Cophylogeny.  

Although Arsenophonus is functionally considered to be a secondary symbiont of B. 

tabaci, the reconciliation between host and symbiont phylogenies showed some level of 

phylogenetic structure, similar to what is expected for a cospeciation scenario, albeit this is only 

supported for some well-defined clusters in the symbiont phylogeny, such as the Asia II-1 and 

Asia II-7. 

The COI set of sequences was reduced for this analysis, mainly because the number of 

taxa depends upon availability of matching host-symbiont sequences. Only representatives from 

the five of the seven major phylogeographic clades were used, the mitotypes –I and –IV from the 

Sub-Saharan clade showed relatively week support and the node showing sister relationship 

between mitotypes –I and –V from the Asia II clade was collapsed because of the low posterior 

probability. The clade containing all representatives from the subfamily Aleyrodinae showed 

some degree of support, while the root of Aleyrodidae was well supported. The host tree was 

rooted with a COI sequence from A. pisum, while the sequence of a Hamiltonella strain from A. 

pisum was used to root the secondary symbiont phylogeny. 

In figure 3.9, five monophyletic clades containing sequences that cluster together into 

OTUs are highlighted. Clade A, contains the most widespread strain of Arsenophonus from 

Pakistan samples that correspond to OTUs 002 and 003 (Figure 5), this monophyletic clade also 

showed an internal structure that separates Arsenophonus lineages of two host mitotypes, the 
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Asia II-7 and -1 into different well-supported clusters. A third well-supported cluster within 

clade A was composed of secondary symbiont sequences from Asia I, IV and Sub-Saharan I; a 

representative from the Sub-Saharan II that groups independently; and Arsenophonus sequences 

from non-B. tabaci host, such as T. vaporariorum and T. acaciae. Clades C and E are exclusive 

to Asia II-5 while clades B and D may have Arsenophonus representatives from Asia II-5 and -7, 

these lineages although different to the most widespread strain by 3-7% pairwise sequence 

divergence, are very rare and limited to these B. tabaci mitotypes. Another group that fell outside 

the most widespread lineages and clustered in clade A, is formed by Arsenophonus sequences 

from the Sub-Saharan IV from Cameroon, this group differ from the others by 3-5% pairwise 

sequence divergence. Whether these sequences are copies or different species of the symbiont, 

remains to be studied. However, the percentage of divergence was as high as 3% among 

populations sampled here, indicating that the diversity of the Arsenophonus associated with B. 

tabaci is greater than previously thought, at least among the Asia II mitotypes examined in this 

work. 

On the other hand, the discordance between host and secondary symbiont phylogenies at 

taxonomic levels above the species, suggest a horizontal transfer of this symbiont among 

whiteflies. An example that supports this hypothesis is the position of Arsenophonus strains from 

the greenhouse whitefly T. vaporariorum and the giant whitefly Tetraleurodes acacia that cluster 

together with other B. tabaci Arsenophonus strains (Figure 3.9). Apparently, at the subfamily 

level, there is parallel cladogenesis, as the position of Arsenophonus from members of the 

Aleurodicinae in the symbiont phylogeny match the position of their corresponding COI 

sequences in the host phylogeny. 
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Discussion 

The three mitotypes of B. tabaci studied in this paper are those reported by Paredes-

Montero et al. (2017), other authors have reported additional mitotypes but all agree that Asia II-

1 is found widespread across cotton growing areas in Pakistan (Ahmed et al. 2014, Masood et al. 

2017). B. tabaci is known to harbor Portiera and at least seven genera of facultative symbiotic 

bacteria (Zchori-Fein and Brown 2002, Chiel et al. 2007, Bing et al. 2013) from which five were 

detected in this study, Arsenophonus, Cardinium, Hemipteriphilus, Rickettsia and Wolbachia. 

Fristchea has only been found in a new world mitotype (Everett et al. 2005) whereas 

Hamiltonella alternates with Arsenophonus in that it infects certain B. tabaci mitotypes and not 

others (Zchori-Fein et al. 2014, Gueguen et al. 2010, Skaljac et al. 2010), probably due to their 

colocalization within bacteriocytes (Gottlieb et al. 2008); Hamiltonella is known to be harbored 

mainly by the invasive B biotype and Q populations from the Mediterranean and North Africa 

regions; while Arsenophonus has been reported mainly from Asian mitotypes, Q populations 

from Israel and individuals from the Ms biotype (Indian Ocean) (Zchori-Fein 2014). 

Interestingly, the greenhouse whitefly T. vaporariorum has been reported to harbor both bacteria 

simultaneously in individual samples from Croatia and Montenegro (Skaljac et al. 2010), but this 

trend was not hold when different geographical populations were studied (Kapantaidaki et al. 

2014). Kapantaidaki et al. (2014) found only Arsenophonus infecting 38 T. vaporariorum 

collections from 18 different countries around the world. Even though B. tabaci can alternatively 

harbor Hamiltonella or Arsenophonus, several strains of the later have been reported in 

populations from India (Singh et al. 2012), North Africa (Gueguen et al. 2010) and in this study. 

Only in the mitotype Asia II-5, four ‘species’ of Arsenophonus could be designated using a cut-
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off of 3% sequence divergence and Bayesian Phylogenetic Inference, suggesting that some 

mitotypes may exhibit unique environmental capabilities.  

In this study, Arsenophonus was detected at near fixation levels. Even though benefits 

conferred to the host (i.e.: heat shock proteins aiding virus transmission (Morin et al. 1999)) may 

have provoked the spread of the symbiont in the population, other factors such as male-killing 

(Gherna et al. 1991) should not be discarded. A rapid spread of Arsenophonus via reproductive 

manipulation could also explain the sweep of particular mtCOI-types in the population. A 

recovery after a bottleneck-like scenario provoked by symbiotic bacteria was suggested by 

Paredes-Montero et al. (2017) as shown by negative significant Tajima’s D measures. This 

symbiont mediated expansion of B. tabaci is also correlated to the spread of the cotton leaf curl 

disease. 

Among the minor symbionts, Cardinium was the most important symbiont detected in 

Asia II-1 from 10 of the 12 studied districts and Asia II-5 in Lahore, this symbiont is apparently 

absent from the Asia II-7 mitotype. Cardinium is known to induce CI in several taxa and sex bias 

as means to keep the bacterial strain in the population (Perlman et al. 2008, White et al. 2009). 

CI may result in the host fitness increment, as observed in mites (Weeks and Stouthamer, 2003), 

as well as a potential barrier to avoid gene flow between closely related groups (Brucker and 

Bordenstein 2012). Experiments performed by Caballero (2006) showed that Cardinium 

potentially mediates CI in some mitotypes of the major phylogeographic clade VI of the B. 

tabaci s.s.g., American Tropics: North and Central America. In addition, Caballero (2006) found 

that Cardinium infection enhances the fitness of the host B. tabaci to some extent that could 
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potentially lead to a favored spread over Wolbachia, which is also known to affect embryos 

viability (O'Neill et al. 1992, Sinkins et al. 1995).  

The data presented in this work does not suggest fixation rates or complete loss for 

Cardinium in Asia II-1 yet, but an intermediate level of infection of 29%. Whether the symbiont 

will reach fixation or will be completely lost from the population highly depends on its fitness 

costs or benefits for the host. In this context, Turelli (1994) developed the invasion threshold 

concept to aid the prediction of the spread of a CI-related symbiont in a population. After the 

infection frequency has passed the invasion threshold, the symbiont is expected to fixate and 

conversely, the symbiont will be lost if the infection frequency does not reach the threshold. The 

apparent unstable infection equilibrium or invasion threshold for Cardinium in B. tabaci has not 

been determined and its study is warranted to predict future potential isolation of mitotypes via 

bidirectional cytoplasmic incompatibility (Brucker and Bordenstein 2012). However, an invasion 

threshold of 20-24% has been predicted for the chalcidid Encarsia pergandiella (Perlman et al. 

2008) which poses a similar reproduction system to that of the B. tabaci. If Cardinium has passed 

the invasion threshold in Asia II-1, it is concluded that the fitness cost associated to this 

symbiont is outweighed by the benefits it confers to the host and thus will eventually fixate in the 

population. This hypothesis may be supported by the low Cardinium infection frequency of 4% 

reported for a similar population from western India (Singh et al 2012) collected at least two 

years before the individuals studied in this work were sampled. Conversely, in the Indian 

population studied by Singh et al. (2012), Wolbachia showed a higher infection rate than 

Cardinium at 9%, this observation together with the low Wolbachia infection rate of 4% detected 

in this study, may be suggestive of an eventual removal of Wolbachia from the population, 
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possibly because of the fitness costs this symbiont represent for the host when compared to 

Cardinium (Caballero 2006).  

Hemipteriphilus, an apparent Rickettsia substitute, is persistent in the Asia II-7 group, a 

competent begomovirus vector when compared to the invasive B biotype (Qiu et al. 2011). In 

this study, the Asia II-7 mtCOI-type was found restricted to Lahore and absent from cotton 

growing areas, but another recent study has found this group in cotton from Punjab at low 

frequencies (Masood et al. 2017). Whether this prokaryote confers any biological benefit to its 

host, remains to be studied. However, Rickettsia, a close Hemipteriphilus relative, has been 

found to contribute to increase the host fitness in a B biotype population from Southwestern US 

(Himler et al. 2011) leading to fixation of this symbiont in the population. Conversely, it has 

been found to increase the host susceptibility to insecticides in a B biotype population from 

Israel (Ghanim and Kontsedalov 2009) and was found to arrest host fitness in aphids (Sakurai et 

al. 2005). The disparity in the effects of Rickettsia can possibly obey several factors including 

the interaction among symbionts within individuals, exposure to insecticides, etc. that drives the 

sweep or completely lost of this symbiont in different populations. Singh et al. (2012), detected 

Rickettsia only in 7% of individuals from an Asian population in India, likewise, our results 

indicate low infection rates presumably due of the exposure of Asia II-1 to intensive insecticide 

applications. This pattern is partly supported by the distribution of Hemipteriphilus, which was 

detected at relatively high infection rates in an Asia II-7 population from Lahore, a sampling 

location marked by the absence of monocrops and diversity of the whitefly host. On the other 

hand, this symbiont was found at a very low frequency in Asia II-1 and was absent from Asia II-

5 in Lahore. 
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The symbionts reported in this study are found in several combination. A total of thirteen 

different arrangements were found in all the three mitotypes studied. Whether a particular 

combination confers benefits or results detrimental for the whitefly host remains to be 

determined. However, previous studies have claimed that Cardinium and Wolbachia together can 

increase the fitness of B. tabaci (Caballero 2006) and Bryobia sarothamni (Ros and Breeuwer 

2009). A summary of symbiont assemblages around the world performed by Zchori-Fein et al. 

(2014) showed nineteen possible combination of genera that includes Hamiltonella, which was 

not detected in samples from Pakistan, six of these combinations were found in the three 

mitotypes analyzed in this work. In addition, six novel potential combinations were also detected 

pending further confirmation with specific primers, and are the following: Hemipteriphilus 

alone; Arsenophonus and Hemipteriphilus; Arsenophonus, Hemipteriphilus and Wolbachia; 

Arsenophonus, Hemipteriphilus and Rickettsia; Arsenophonus, Hemipteriphilus and Cardinium; 

and Arsenophonus, Hemipteriphilus, Cardinium and Rickettsia. In addition, despite Gueguen et 

al. (2010) never found Cardinium and Rickettsia coinfecting the same individual, both symbionts 

were detected in the same individual along with others in this study. 

The diversity and further correlations of whitefly mitotypes was possible by clustering 

the 16S rDNA sequences into OTUs. All known whitefly symbionts sequences but 

Arsenophonus collapsed into single OTUs with high relative abundance with respect to other 38 

OTUs that were detected mainly from the Asia II-1 mitotype. Some bacteria species of 

Acinetobacter were detected in the three mitotypes of B. tabaci, and Propionibacterium sp. was 

only found in the Asia II-1 and II-7 mitotypes. Propionibacterium species have been previously 

detected in insect microbiota studies (Montagna et al. 2015, Zucchi et al. 2012), but is likely a 



105 

 

contaminant. In contrast, Acinetobacter has been associated to several mosquito species (Minard 

et al. 2013) and grasshoppers (Dillon et al. 2008); and a study performed by Berasategui et al. 

(2016), claimed the potential of this bacteria to aid insect’s digestion. Further work to develop on 

this respect includes a metagenomics study of different whitefly mitotypes in order to determine 

the actual microbial composition of these entities. In addition, the profiles of prokaryotes 

assemblages can be used to elucidate relationships between B. tabaci mitotypes that are not 

resolved using genetic data, that is, the clustering of sequences into OTUs aided the 

establishment of relationships between the B. tabaci mitotypes studied with basis on OTUs 

composition. Shared symbiont profiles tested by correlation coefficients indicate that Asia II-1 

and Asia II-7 are closely related and Asia II-5 fall outside such cluster (Figure 5). This sistership 

pattern was also supported by phylogenetic analysis, although some phylogenetic methods to 

infer relationships between these mitotypes showed no resolution. In this line, when the 

symbiotic composition of worldwide mitotypes is available, the hierarchical clustering proposed 

in this study may serve as an approach to biologically associate mitotypes. 

On the other hand, the pattern of cospeciation between B. tabaci and its primary symbiont 

has apparently been disrupted. Despite the presumably high substitution rates of Ca. Portiera at 

~2.5 substitutions/100 base pairs/50 million years, this symbiont showed close to zero sequence 

divergence among members of the B. tabaci s.s.g. Moreover, this rate of evolution is similar to 

that reported from other prokaryotic symbionts as Buchnera (Moran et al. 1995) and was 

calculated to exceed by twice the evolution of free living bacteria (Moran et al 1995). The fast 

evolution in symbionts have been attributed to several factors including but not limited to high 

fixation rates of mildly deleterious mutations resulting from a relaxed-low efficacy selection that 
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may be provoked by extreme population changes innate to the biology of maternally transmitted 

symbionts (Moran et al. 2008), as well as to the subsequent loss of DNA repair genes 

(McCutcheon and Moran 2012). Interestingly, Buchnera was found to be evolving around 36 

times faster than the aphid host (Moran et al. 1995); in contrast, the rate of evolution of Portiera 

inferred from the 16S rDNA gene was 20-fold slower than the host mtCOI. Even though the 

substitution rates of the mitochondrial COI gene have been reported high for some insect groups 

(Oliveira et al. 2008, Xiao et al. 2011), aphids are known to evolve slower than members of the 

B. tabaci group as reflected by the great sequence divergence within the complex of maximum 

26% compared to that of congeneric aphids of up to 14% (Lee et al. 2011). Furthermore, the 

phylogenetic analysis of the symbiont 16S rDNA sequences support a single infection event, but 

given the apparent low sequence divergence of symbionts of the members of the B. tabaci s.s.g., 

a polytomy is formed that disagree with the topology resolved for the host B. tabaci. Conversely, 

parallel cladogenesis was shown by Thao and Baumann (2004a) in whiteflies, but this pattern is 

seemingly hold at taxonomic levels above the species and does not apply to the B. tabaci s.s.g. A 

possible explanation for the violation of the host-symbiont cospeciation principle may be the 

gene flow among members of the B. tabaci s.s.g. Although it has not been shown for this species, 

the hypothesis that males can also transfer facultative symbionts via ejaculation has been shown 

by Moran and Dunbar (2006) in aphids and should not be discarded as a route to horizontally 

transfer Portiera, Arsenophonus and other widespread symbionts in the population. In the case of 

obligate symbionts, Clark et al. (2000) hypothesized that although in rare circumstances, a 

potential horizontal transfer of this sort of symbionts via parasitoids in aphids is conceivable due 

to the large volume of the body cavity being occupied by bacteriocytes, this transfer mechanism 
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is possible for B. tabaci as several parasitoids species are shared among whiteflies (Liu et al. 

2015), therefore also explaining the seeming lack of speciation of Portiera in B. tabaci. On the 

other hand, the apparent low rates of evolution of the symbiont with respect to its host may 

portrait a picture of an early status of diversification of the B. tabaci in which divergence has not 

occurred, a similar result was suggested by Santos-Garcia et al. (2015) after analyzing whole 

genomes of different whitefly Portiera strains, where the study arrived to the conclusion that the 

B and Q types of B. tabaci could be considered strains of the same species.  

Interestingly Arsenophonus cospeciation with B. tabaci was partially supported as shown 

by some level of phylogenetic structure, and contrary to Portiera, transfers between species and 

genera of whiteflies are supported by phylogenetic analysis. This result may suggest that the 

level of horizontal transfer of this symbiont is lower than Portiera within B. tabaci, but common 

among genera of Aleyrodines (Thao and Baumann et al 2004b). A cladogenesis-like pattern is 

possible as has been observed in Arsenophonus strains infecting shield bugs of the family 

Plataspidae (Hosokawa 2006). 

This study also provides an estimation of divergence of the B. tabaci s.s.g., which 

resulted 17 my more recent than a previous estimation of 57 my (Boykin et al. 2013), the 

difference possibly is because two calibrators were used in this study and one in Boykin’s 

estimation. This divergence of B. tabaci overlaps with mayor events that in fact explain its 

radiation, for instance: the end of the progressive expansion of Angiosperms, the preceding 

radiation of B. tabaci major host families such as Asteraceae (Barreda et al. 2015), Solanaceae 

and Convolvulaceae (Bell et al. 2010), and interestingly the radiation of two ant subfamilies: 
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Dolichoderines and Formicines, which are known specialist in tending and conferring protection 

to homopterans as exchange for their honeydew exudates (Wilson and Hölldobler 2005). 

In conclusion, the diversity and composition of prokaryotes that could be differentially 

harbored by mitotypes of the B. tabaci s.s.g. allows discrimination among members of this 

cryptic species. In addition, the bacterial composition varied among individuals within and 

between collection sites. The close-to-fixation rates of Arsenophonus suggest the possibility of a 

sweep of this B. tabaci mitotype, which appears coincident with the spread of CLuKoV-Bur in 

cotton-growing areas of Pakistan.  

Although a parallel cospeciation-like pattern is supported between B. tabaci and one of its 

secondary endosymbionts, Arsenophonus, which was found to be present in several copies 

(Figure 3.9 B, C, D, E), leading to the hypothesis that its initial infection of B. tabaci occurred by 

horizontal transfer, owing to its presence in whiteflies outside of the genus B. tabaci, e.g.  

different genera of Aleyrodinae, the absence of parallel cladogenesis between B. tabaci and the 

primary endosymbiont, Portiera, suggests that gene flow may continue to occur among at least 

some members of the B. tabaci s.s.g., a conclusion that has been reached by others based on 

independent genetic evidence (Hsieh et al. 2014, Santos-Garcia et al. 2015).   
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Figure 3.1. Endosymbiont distribution in twelve districts of Pakistan. Bars represent the relative 

abundance of endosymbionts per district. Bemisia tabaci mitotypes Asia II-5 and -7 were only 

recorded from Lahore while mitotype Asia II-1 was widely distributed across cotton growing 

districts. A) Ca. P. aleyrodidarum. B) Ca. A. nasoniae. C) Ca. Cardinium sp. D) Ca. H. asiaticus. 

E) Ca. Rickettsia sp. F) Ca. Wolbachia sp. 
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Figure 3.2. Distribution of endosymbiont arrangements in twelve districts of Pakistan. Bars 

represent the relative abundance of all possible combination of endosymbionts per district. 
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Bemisia tabaci mitotypes Asia II-5 and II-7 were only recorded from Lahore while mitotype 

Asia II-1 was widely distributed. Capitals correspond as follows: Portiera (P), Arsenophonus 

(A), Cardinium (C), Wolbachia (W), Rickettsia (R), and Hemipteriphilus (H). Bars size across 

districts is proportional to sampling size. 
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Figure 3.3. Relative abundance of prokaryote classes in the three B. tabaci mitotypes present in 

Pakistan. Asia II-1 shows highest number of classes followed by Asia II-7. Most bacterial 16S 

sequences belonged to the class Gammaproteobacteria. 
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Figure 3.4. Relative abundance of prokaryote families in three B. tabaci mitotypes. Asia II-1 

shows highest diversity. About 90% of sequences clustered within the families Bacteroidaceae, 

Enterobacteriaceae and Halomonadaceae. 
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Figure 3.5. Heat map of relative abundance of 49 OTUs estimated form the 16S rRNA dataset. 

Dendrograms show Euclidean correlation among OTUs (vertical) and mitotypes (horizontal) 

based on the relative abundance and shared OTUs respectively. The clustering of Asia II-1 and 

Asia II-7 is supported by a high Pearson correlation coefficient of 0.92. 
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Figure 3.6. Alfa diversity calculators of OTUs in three different B. tabaci mitotypes. Bars correspond to the 95% confidence 

intervals. 

 

Figure 3.7. Beta diversity indices showing dissimilarity between the OTU structure in different B. tabaci mitotypes. 
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Figure 3.8. Dated molecular phylogenies of host B. tabaci and it primary symbiont P. aleyrodidarum. Bayesian trees were 

built based on 1084 bp of the 16S rRNA region (right) and 725 bp of the 3´-end of the mtCOI gene (left). The mtCOI 

phylogeny shows the three mitotypes found in Pakistan and additional reference sequences from which a corresponding 16S 
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Portiera sequence was available. The 16S phylogeny shows a well-supported polytomy that includes all the B. tabaci primary 

symbiont sequences. The host and symbiont trees were rooted using the psyllid Diaphorina citri COI sequence and its 

corresponding primary symbiont, Ca. Carsonella sp. Closed nodes indicates posterior probabilities above 95%. Dashes lines 

show correspondence between phylogenies. Branches are colored according to their rates of evolution.  Red shade in both 

phylogenies shows the 95% HCI for the estimated divergence times. International stratigraphic charts were drawn at the 

bottom of both phylogenies and relevant diversification events are shown. 
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Figure 3.9. Phylogenies of the B. tabaci and its secondary symbiont Arsenophonus based on 1084 bp of the 16S rRNA region 

(right) and 725 bp of the 3´-end of the mtCOI gene (left). The mtCOI phylogeny shows the three mitotypes found in Pakistan 

and additional reference sequences from which a corresponding 16S Arsenophonus sequence was available. The host and 

symbiont trees were rooted using the aphid Acyrthosiphon pisum COI sequence and its corresponding Arsenophonus 16S 
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sequence. . Closed circles at nodes indicates posterior probabilities above 95%, and opened circles show probabilities between 

84-94%. Dashes lines show correspondence between phylogenies. Letters A-E in the symbiont phylogeny show phylogenetic 

clades containing certain OUT designations as shown in the legend. Clade A contains widespread Arsenophonus strains in 

Asia II-1 and II-7, while clades B-E gathers Arsenophonus strains/copies less abundant and unique to Asia II-5 and II-7. 
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CHAPTER 4: PHYLOGEOGRAPHY AND POPULATION BIOLOGY OF WHITEFLY 

VECTOR SPECIES IN ECUADOR 

Abstract  

Geminivirus outbreaks in agroecosystems in western Ecuador pose a threat to food 

production, however, studies to identify the whitefly vector have been limited. Here, the 

mitotype(s) of Bemisia tabaci Gennadius were identified based on a 1-kilobase (kb) fragment 

comprising the 3'-end mitochondrial cytochrome oxydase subunit I (COI) gene and the transfer 

RNA leucine loci (tRNA-Leu). The geographic distribution of mitotypes and associated 

climatological variables were evaluated to determine possible niche range specificities. Four 

mitotypes were identified, three that grouped with members of the “Americas” major 

phylogenetic clade, and one introduced. The predominant endemic mitotype, ECU1, was 

distributed in all sampled provinces, at 47% sampling frequency. In contrast, the ECU2, was 

found only in Loja. A previously unrecognized mitotype, named ECU3, is thus far known to 

occur in the vicinity of Loja and the Puna Island. The ECU3 mitotype diverged by 7-10%, from 

previously known “Americas” mitotypes, suggesting that the extent of B. tabaci diversity in the 

“Americas” is underestimated. The exotic B type was detected at 45% relative sampling 

frequency. Mitotype niche distinctiveness is suggestive of particular adaptive capabilities. The B 

mitotype was found in agroecosystems of the tropical grasslands of Guayas, Manabí and Santa 

Elena, where whitefly-transmitted virus outbreaks have been previously reported. The endemic 

mitotypes extended towards the tropical rainforest zones of Esmeraldas and Los Rios, and the 

Andean tropical dry forest zone of Loja. Certain mitotypes coexist in five locations, and the B is 
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thought to have displaced endemic mitotypes to the northern and eastern coastal habitats of 

Ecuador. 

Introduction 

The whitefly Bemisia tabaci Gennadius (Hemiptera: Aleyrodidae) is considered to 

represent a sibling species group (s.s.g.) (Gill and Brown, 2009), or a genetically diverse group 

that cannot be distinguished as separate species based on differences in morphological characters 

(see references in: Rosell et al. 1996, 1997, Brown 2009, Gill and Brown 2009). Given the 

confounded taxonomic status of the group (Gill 1992, Mound 1963, 1983), molecular analysis of 

a fragment of the cytochrome oxidase subunit I gene (mtCOI) has facilitated the recognition of 

seven major phylogeographic clades, to date (Brown 2009). The extent of genetic diversity 

residing in a short mtCOI fragment (750 bases) has been estimated, and was proposed as a basis 

for delimiting ‘species’ (Dinsdale et al 2010, Boykin et al. 2012). There is much controversy 

surrounding this proposal for a number of valid reasons, including the inability to assign 

biological attributes to individual proposed species, given the enormous gap in information about 

the sibling species group as a whole, e.g. mito-variants studied are primarily agricultural crop-

adapted populations for which species-specific biological features are lacking.  In addition the 

potential for arbitrary conclusions that can arise from setting molecular species boundaries based 

on mtCOI genes alone (Dinsdale et al. 2010, Boykin et al. 2012, Boykin 2014, Tay et al. 2017) 

and the potential for confounding nuclear mitochondria pseudogenes (NUMTs) (Bensasson et al. 

2001, Song et al. 2008, Bertheau et al. 2011, Tay et al. 2017) albeit, sometimes useful for 

assigning ancestral states (Hay et al. 2004), the absence of phylogenomic information for the 
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complex, and no taxonomic or systematics-rooted consensus species nomenclature to apply, 

given the synonymization of 20 species and 3 genera into the B. tabaci epithet (Russell 1957, 

Martin and Mound 2007). In this light, the more ‘conservative term’, mitochondrial-type 

(mitotype) will be applied.    

A few mitotypes of B. tabaci associated with agricultural systems are considered among 

the world’s top invasive ‘species’ (IUCN, http://www.iucngisd.org/gisd/) and are the insect 

vector of at least five genera of plant viruses (Brown et al. 1995b, Jones 2003, Brown 2009, 

Navas-Castillo et al. 2011). Among the best-studied mitotypes are the B, based on the ‘prototype 

B biotype’ first characterized biologically and with respect to mtCOI gene sequence during the 

1990’s (Brown et al. 1995b, Costa and Brown, 1991, Frohlich et al. 1999), and the Q (Brown et 

al. 1995a, b, Bedford et al. 1994, Guirao et al. 1997, Rosell et al. 1997),  both of which have 

been introduced into many locations, worldwide, from their endemic arid and Mediterranean 

climate niches, respectively, in the North Africa-Mediterranean-Middle Eastern (NAf-MED-ME) 

region, referred to as the B and Q mitotypes within the NAf-MED-ME major clade (see 

references in Brown 2010 and Gill and Brown 2009, Hadjistylli et al. 2016). The B and Q 

mitotypes have also been considered as the species, “Middle East-Asia Minor 1” and 

“Mediterranean”, respectively (Dinsdale et al. 2010, Boykin et al. 2012).  

Viruses transmitted by B. tabaci, particularly, members of the widespread genus, 

Begomovirus (Geminiviridae) have become important worldwide during the past forty or more 

years,  and they are often found in mixtures infecting the same plant (Brown 1990, Brown 

1995b, Brown and Bird, 1992, Legg and Fauquet 2004, Sattar et al. 2013, Lapidot et al. 2014, 
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Navas‐Castillo et al. 2014, Brown et al. 2017).  In Ecuador, begomovirus-incited disease have 

been recognized more recently, following a whitefly B. tabaci outbreak during 1993-1995 

(Mendoza et al. 1995), coincident with the introduction of B mitotype, which became established 

in irrigated agricultural areas along the coast of Ecuador, resulting in ~9 million US dollars in 

crop loss in 1994 alone (Valarezo et al. 2008).  Two decades later, Ibarra (2012) reported the first 

begomovirus outbreak in Ecuador, associated with the presence of Tomato leaf deformation virus 

(TolDeV), which is possibly endemic to Peru (Márquez-Martín et al. 2011) and adjacent locales. 

This report was substantiated by Melgarejo et al. (2013) and Paz-Carrasco (2014), who 

determined that TolDeV was widely distributed in Guayas, Loja, Manabi and Santa Elena, 

whereas another geminivirus, the Rhynchosia golden mosaic Yucatan virus (RhGMYuV) is 

reported to be restricted to Manabi. In Ecuador, begomoviruses have continued to cause 

widespread crop losses, and currently pose a threat to food security and sustainable production in 

many crops, including cassava, cotton, cucumber, lima bean, melon, peanuts, soybean, tobacco, 

tomato, and watermelon (Mendoza et al. 1995), which collectively span ~700,000 acres of land, 

primarily as small-holding farms of less than 12 acres each. The importance of virus-associated 

diseases is often understimated or even overlooked altogether by farmers because the harvests 

are intended for local markets, whereas, only a few crops such as soybean are grown for export. 

Thus it is likely that there are many endemic plant viruses affecting crops from year to year. 

In Ecuador, the first suspected presence of the B mitotype of B. tabaci was reported in 

cucurbits based on evidence of leaf silvering (Valarezo et al. 2008), a phenotype previously 

associated with and diagnostics for B biotype infestations in Cucurbita spp. in locales within the 

Americas where it is not endemic (Costa and Brown 1991,  Brown et al. 1991a, 1991b). Further, 
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a presumed endemic B. tabaci, was reported by Merino and Vásquez in 1962, and was 

considered to be a secondary pest. Quintero et al. (2001) conducted RAPDs analysis on 

Colombian and Ecuadorian populations of B. tabaci and confirmed the existance of both 

endemic and exotic types in Colombia. However, this study only reported the B mitotype 

occurring in the coastal provinces of Guayas, Los Rios and Manabí in Ecuador. 

In this study, the extent of the diversity of B. tabaci mitotypes was explored using 

polymerase chain reaction (PCR) amplification, DNA sequencing, and comparative analysis of a 

1015 base pair fragment ((J.K. Brown, unpublished) consisting of 949 bp of the cytochrome 

oxidase subunit I (COI) and 66 bp of the transfer RNA leucine coding regions (Thao et al. 2004).  

Adult whiteflies were collected from cultivated and uncultivated, wild plant species infested by 

whitefly in nine provinces located in the coastal region of Western Ecuador.  Sequence data were 

analyzed with respect to phylogeography, and evolutionary distances.  Also, a maximum 

entrophy niche modelling approach was carried out to determine if whitefly species and/or 

mitotype distributions could be linked to specific niches that might reflect the need for 

differential environmental adaptativeness.  Based on these results, this is the first report of the 

occurrence of at least three distinct B. tabaci mitotypes of Ecuadorian coastal endemism. 

Material and Methods 

Whitefly samples and DNA extraction.  

Adults of the whitefly (B. tabaci) were collected from crops and uncultivated, wild plant 

hosts in nine provinces in Ecuador: Cañar, El Oro, Esmeraldas, Guayas, Loja, Los Rios, Manabí, 
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Santa Elena, and Santo Domingo. At each sampling site (> 1 per province), multiple samples (a 

sample consisted of all whiteflies collected from single plant host; ≤ 3 per sampling unit; several 

per province) were collected from crops and weeds showing symptoms of leaf-curling, vein 

thickening and enation; and non-symptomatic plants were also sporadically sampled. The 

composition of the field samples was assessed in the laboratory under a light microscope, and 

whiteflies were separated away from other arthropods accidentally co-collected in the aspirator. 

A minimum of ten individuals per sample were placed live into a 1.5 ml microfuge tube 

containing 95% ethanol. Samples were stored at -20oC. 

Three hundred and eighty individuals (~three individuals per sample) were selected for 

genomic DNA isolation. Individual whitefly extractions were carried out using the method 

described by Xhang et al. (1998) with some modifications. Each whitefly was placed on a piece 

of filter paper for a few seconds to remove ethanol and toothpick transferred to 10 µl of CTAB 

lysis buffer (100 mM Tris-HCl pH 8.0, 20 mM EDTA pH 8.0, 1.4 M NaCl containing 0.2% 2-

mercaptoethanol, 2% hexadecyltrimethyl-ammonium bromide). The specimen was grounded by 

micro-pestle which was washed with 170 μl of CTAB, and 0.005 mg/ml of proteinase K were 

added. The mixture was first incubated overnight at 55oC and then at 65oC for 15 min. One 

volume of chloroform was added and the contents were mixed to form an emulsion, followed by 

centrifugation at 12,000 rpm and 4oC for 3 min. Further, one volume of isopropanol and 

glycogen (40 μg) were added to the supernatant, followed by incubation at 4oC for 10 min. The 

contents were subjected to centrifugation at 12,000 rpm and 4oC for 10 min. The pellet was 

washed with 70% ethanol, air dried at room temperature, and re-dissolved in 10 mM Tris–Cl pH 

8.0.   
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Polymerase chain reaction amplification and DNA sequencing.  

In this study, the identification of endemic types of B. tabaci in Ecuador was the priority. 

To identify the populations of B mitotype, but avoid molecular cloning and DNA sequencing of 

the mtCOI sequence for each, B mitotype-specific primers were used for PCR amplification 

using the primers: F-BtBF1 5′- TATTTCACTTCAGCCACTATAA -3′ and R-WfBr2 5′- 

GCTTAAATCTTACTAACCGCAG -3′ (Andreason et al. 2017), which yield a 550 base pair 

(bp) fragment of the mitochondrial COI. The cycling conditions were: 95 °C for 3 min followed 

by 30 cycles of 94 °C for 15 s, 57 °C for 30 s and 72 °C for 3 min, and a final extension step for 

5 min at 72 °C. Selected amplicons (n = 25) were molecularly cloned and the DNA sequence 

was determined bidirectionally to confirm or refute B mitotype identity. For samples that did not 

yield an amplicon using the B mitotype-specific primers, PCR amplification was carried out 

using the primers, F-COI628 5′- GATCGAAATTTTAATAGATCTTTTTATGATCC-3′ and R-

COI1629 5′- TGTTCTATTGTAAAACTAGCACTATTTTG -3′, to yield an expected size 

product of 1015 bp in size, spanning the 3′ half of the mitochondrial COI gene and the transfer 

RNA (Leu) gene. The cycling conditions were: 95 °C for 2 min followed by 30 cycles of 95 °C – 

60 s, 52 °C – 60 s and 72 °C – 60 s, with a final extension for 20 min at 72 °C.  Reactions were 

performed in a final volume of 25 μl, consisting of 1X Jumpstart REDTaq ReadyMix (Sigma-

Aldrich, Saint Louis, MI), oligonucleotide primers (0.4 μM each), 20 ng whitefly DNA, and 

double-distilled (dd) water. The PCR products were confirmed on a 1% agarose gel (1X TAE, 

pH 8.0; 1X gel red, 100 V for 50 min). The amplicons were cloned into the pGEM-

T Easy plasmid vector (Promega, Madison, WI) using electro-transformation of E. coli DH5α 

competent cells. Three clones per sample were selected for screening by colony PCR to identify 
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those bearing an insert of the expected size (Güssow and Clackson, 1989) with the primers: 

M13F-5'-TGTAAAACGACGGCCAGT-3′ and M13R-5'AGGAAACAGCTATGACCATG-3′ 

(Promega, Madison, WI). The cycling parameters were: denaturation at 94°C for 10 min, 

followed by 35 cycles at 94°C for 60 s, 53°C for 60 s, and 72°C for 3 min, with a final 

elongation step for 10 min at 72°C. The size of the amplicons was determined by 1% agarose gel 

electrophoresis at 80-100 V for 50 min in 1X TAE, pH 8.0, containing 1X gel red (Biotium, 

Hayward, CA)). The products of the expected size were selected and subjected to bi-directional 

capillary DNA sequencing (Sanger) on an Applied Biosystems ABI 3730XL DNA analyzer 

available at The University of Arizona Genomics Core (http://uagc.arl.arizona.edu/). Reads were 

manually edited as needed, and assembled into contigs using the SeqMan Pro software in 

DNASTAR ® Lasergene ® v8.0 package (DNASTAR, Inc., Madison, WI 53705, USA). The 

mtCOI sequences were annotated using Blast2Go software (Conesa 2005), and the top twenty 

hits were documented to establish preliminary identification of the whitefly to mitotypes. 

Alignment and phylogenetic analyses.  

Selected B. tabaci COI sequence references and outgroup sequences were obtained either 

from the GenBank database (Benson et al. 2012), or from laboratory DNA sequences (JK 

Brown, unpublished data) from individuals identified as B. tabaci, based on morphological 

characters (Ray Gill, CDFA, Sacramento, CA). The greenhouse whitefly (Trialeurodes 

vaporariorum Westwood) was included as outgroup to root the phylogenetic tree. The DNA 

sequences were aligned using MUSCLE v3.8.31 (Edgar 2004) implemented in the 

“Align Multiple Sequences” tool available in Mesquite v2.75 (Maddison and Maddison 2014). 

http://uagc.arl.arizona.edu/)
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Terminal gaps were treated as missing data. The alignment was further submitted to FABOX 

v1.41 (Villesen 2007) to collapse identical sequences into haplotypes. 

The model of molecular evolution was determined with jmodeltest v2.1.7 (Darriba et al. 

2012) based on a consensus of the Akaike Information Criterion (AIC), the corrected AIC, the 

Bayesian Information Criterion (BIC), and the Decision Theory Performance-Based Selection 

(DT). The General Time Reversible (GTR) model with invariant sites (I) and gamma distributed 

rate variation among sites (G) was set for the Bayesian phylogenetic inference (BI) using 

MrBayes v3.2.5 (Huelsenbeck and Ronquist 2001). The Bayesian analysis consisted of four 

independent Markov Chain Monte Carlo (MCMC) runs, each with four Markov chains allowed 

to run for 1 x 108 generations. Trees were sampled every 10,000th generation. The log-likelihood 

scores of sample points were plotted against the generations sampled, using Tracer v1.6 

(Rambaut et al. 2014), to verify stationarity of the chain, convergence, and to determine the 

burn-in fraction (number of trees generated before the chain reaches a plateau). The Effective 

Sample Sizes (EES) values were examined for each run and were above 200. MCMC runs were 

summarized using the sump and sumt commands in MrBayes v3.2.5 (Huelsenbeck and Ronquist 

2001). Trees produced from the first 3 x107 generations per replicate were considered ‘burn-in’ 

trees, and so were discarded. The resulting 50% majority-rule consensus tree was visualize using 

FigTree v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/). The evolutionary distances within and 

between phylogenetic groups was calculated using the dist.dna function in the R package APE 

(Paradis et al. 2004). 

 

http://tree.bio.ed.ac.uk/software/figtree/
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Mitotype distribution patterns.  

The geographic distribution of B. tabaci mitotypes and non-B. tabaci species were plotted 

using the biological records tool plugin available in QGIS 2.18.11 (Quantum GIS Development 

Team, 2017). Further, shapefiles of maps depicting climate variables  for  the  month   and year 

of   whitefly   collection   were   obtained   from the              National Institute of Meteorology 

and Hydrology (INAHMI) of Ecuador 

(http://www.serviciometeorologico.gob.ec/gisweb/METEOROLOGIA/) and the interactive 

environmental map from the Ministry of Environment of Ecuador 

(http://mapainteractivo.ambiente.gob.ec/portal/). The following layers were used to assess the 

distribution of mitotypes: 1) July 2014 monthly average precipitation, 2) July 2014 monthly 

average temperature, 3) altitudinal isolines, 4) habitat structure, 5) ombrothermic index, 6) 

ombrotypes, 7) thermicity index, and 8) thermotypes. The habitat structure characterization 

implemented was based on vegetative life cycles, dominant vegetation type and forests 

composition. The thermicity index was calculated by adding the mean annual temperature, the 

mean of the coldest temperatures in the coldest month with the mean of warmest temperatures of 

the warmest month. The ombrothermic index (coefficient) is determined by dividing: the sum of 

the monthly average precipitation from those months for which the mean temperature exceeded 

0°C, by the sum of the monthly mean temperatures above 0°C. The thermo- and ombrotype 

horizons were categorized based on thermicity and ombrothermic indices, respectively 

(Ingegnoli 2002).  

http://www.serviciometeorologico.gob.ec/gisweb/METEOROLOGIA/
http://mapainteractivo.ambiente.gob.ec/portal/
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The environmental layers were further used to predict the distribution of the exotic and 

the predominant endemic mitotypes. Niche modelling was carried out using a maximum entropy 

modelling approach using the software Maxent v 3.4.1 (Phillips et al. 2017). Based on presence 

data given by geographic coordinates and the eight environmental layers described above, 

Maxent will estimate the probability of presence of a mitotype in each grid cell in response to 

suitable environmental conditions. Following Maxent requirements, all layers were converted to 

ascii raster grids in QGIS 2.18.11 (Quantum GIS Development Team, 2017), the geographic 

boundaries were standardized and the cell size was fixed at a pixel resolution of 0.0005 by 

0.0005. The model was verified to perform better than random by analysis of the receiver 

operating characteristic curve (ROC). Statistical analyses to verify the fitting of the model were 

performed by using a bootstrap resampling method with 100 replicates. Further, to determine the 

percentage of contribution of each environmental variable to the model, a jackknife test was 

conducted (Phillips et al. 2017). 

Results 

B. tabaci mitotypes phylogeography and natural host range.  

The amplification of a 1015 base pair fragment comprising the 3’ end of the 

mitochondrial COI and the complete transfer RNA Leucine genes yielded a matrix of 370 good 

quality sequences. All sequences passed the nuclear mitochondrial DNA segments (NUMT) 

screening which was performed by checking for double peaks in sequence chromatograms; and 

further inspecting the alignment for singletons, sequences with stop codons, insertion-deletions 

(indels), and ambiguous bases in the alignment. The sequences were trimmed to an 832 bp 



132 

 

alignment following the addition of sequence references. Furthermore, after collapsing the 

alignment into haplotypes to get rid of redundant sequences, a total of 312 unique haplotypes 

were recovered for downstream analysis. 

The Bayesian analysis conducted with the collapsed haplotypes is shown in Figure 4.1. 

The highlighted portions of the phylogenetic tree in Figure 4.1, correspond to the clusters 

containing representative sequences generated in this study. Samples collected from Ecuador fall 

into the following B. tabaci major clades: the “Americas” clade and the exotic B mitotype. In 

addition, a sister clade to the B. tabaci s.s.g. contains Bemisia tuberculata sequences which were 

mainly collected from cassava and non-cultivated hosts near the northwestern slope of the 

Andes. 

The “Americas” major clade, referred to by some as the New World ‘species’ (Dinsdale 

et al. 2010, Boykin et al 2012), showed a well-supported (pp >95%) internal structure conformed 

by five subclades that will be termed as follows for comparison purposes: Americas: Ecuador 

and Colombia (ECU1), Americas: North and Central America, and Caribbean, Americas: Puerto 

Rico, Americas: South America (ECU2) and Americas: Ecuador (ECU3). In this nomenclature, 

the designations ECU1, ECU2 and ECU3 were used for clades containing Ecuadorian sequences. 

These internal clusters match geographic distribution patterns and some show particular 

biological attributes. For instance, the Americas: Puerto Rico, corresponds to the monophagous 

Jatropha mitotype (Figure 4.1, clade C), a B. tabaci type that was known to feed only on 

Jatropha spp. The B. tabaci sequences obtained in this work that belonged to the Americas were 

distributed among the following subclades: Ecuador and Colombia (ECU1) and South America 
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(ECU2). Additionally, a third endemic group appears basal to the other Americas subclades 

(ECU3) and represents a newly discovered mitotype with apparently limited distribution within 

the southwest region of Ecuador. 

Only the ECU1, an endemic mitotype that has so far been identified only in Ecuador and 

Colombia, was distributed throughout all nine provinces sampled in Ecuador, at a relative 

frequency of 47% in relation to the sites sampled. In contrast, members of the ECU2, another 

endemic type apparently restricted to South America, were detected from a single sample 

collected in Loja. Similarly, the newly recognized mitotype (ECU3) reported in this study was 

also found at a very low frequency of 1.5% in two samples from Loja and the Puna Island, 

respectively. 

The predominant endemic mitotype, ECU1, was mainly collected from cassava (Manihot 

esculenta), but it was also sampled from several other potential host species such as: Carica 

papaya, Citrullus lanatus, Cucumis melo, Cucumis sativus, Cucurbita sp., Glycine max, Ipomoea 

sp., Luffa sp., Mucuna pruriens, Morinda citrifolia, Nicotiana tabacum, Physalis sp., Solanum 

lycopersicum and Wigandia crispa. The mitotype that appears restricted to South America, 

ECU2, was only collected from a wild Solanum species in Loja, while the newly recognized 

mitotype ECU3 was collected from Carica papaya and Wigandia crispa from the Puna Island 

and Loja, respectively. 

Among the non-endemic B. tabaci mitotypes, only the exotic B was identified in 

Ecuador, and it was present at a high frequency in relation to all of the samples collected, at 

45%. The geographic distribution of the B mitotype, suggest that it has been restricted to 
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cultivated areas along the coast of Ecuador, in the provinces of El Oro, Guayas, Manabí, and 

Santa Elena, locales characterized by having a tropical grassland climate niche marked by the 

presence of deciduous and semi-deciduous forests, and monocrops under irrigation systems and 

periodic pesticide applications.  The B biotype is known to have a broad host range (Mound and 

Halsey 1978, Li et al. 2011, Xu et al. 2011). In Ecuador, the B mitotype was found infesting 

many different host species, including Amaranthus spinosus, Artemisia sp., Bauhinia aculeate, 

Brassica sp., Capsicum annuum, Citrullus lanatus, Cordia lutea, Cucumis dipsaceus, Cucumis 

melo, Cucumis sativus, Cucurbita maxima, Cucurbita pepo, Datura cf. stramonium, Evalvus sp., 

Heliotropium indicum, Ipomoea sp., Laportea aestuans, Luffa operculata, Manihot esculenta, 

Physalis pubescens, Sida sp., Solanum lycopersicum and Solanum nigrum.  The plant families 

represented by this range of hosts are: Amaranthaceae, Asteraceae, Boraginaceae, Brassicaceae, 

Cucurbitaceae, Convolvulaceae, Euphorbiaceae, Fabaceae, Solanaceae, and Urticaceae. All have 

been previously reported as hosts of B. tabaci (Mound and Halsey 1978, Attique et al. 2003, Li 

et al. 2011, Xu et al. 2011) 

One non-B. tabaci species, B. tuberculata, was identified molecularly mainly from 

cassava plants, and from several non-cultivated hosts growing at a relatively high altitude of ca. 

500 meters, near the northwestern slopes of the Andes. Phylogenetically, B. tuberculata grouped 

as a separate clade from B. tabaci mitotypes, or perhaps as a sister clade within the ‘Bemisia 

sibling species complex’, as has been previously proposed (Gill and Brown, 2009). 

B. tabaci mitotypes were found mixed in several sampling sites. The most common 

combination was the exotic B with individuals of the most predominant endemic type, ECU1. 
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Usually, when the B mitotype was sampled in a crop, the weeds surrounding the area were host 

to the endemic B. tabaci mitotype, such pattern was hold for most cultivated areas of Guayas, 

Manabí and Santa Elena at a frequency of 4%. The endemic predominant type, ECU1, was also 

found mixed with the South American endemic type, ECU2, and the newly discovered mitotype, 

ECU3.  

Mitotype sequence divergence.  

To study the extent of divergence between the well-supported phylogenetic groups within 

the Americas major clade (Figure 4.1), evolutionary distances were calculated within and 

between the types found in Ecuador. The average pairwise divergence within the clade 

containing the sequences of the predominant ECU1 type was 1.5%, while within the ECU2 and 

ECU3 mitotypes of 1.45 and 2.27%, respectively. In contrast, the sequence divergence among 

samples of the exotic B biotype was close to zero.  

The sequence divergence between ECU1 and ECU2, and ECU1 and ECU3 were 5 and 

8%, respectively. Lastly, the calculated pairwise distance between ECU2 and the previously 

unrecognized ECU3 mitotype, was of 10%. These results indicate that sequence divergence 

within the Americas major clade is 4 points higher than previously reported (Brown 2009). 

Phylogenetic groupings, sequence divergence and global reference sequences supported 

the mitotype status of the three B. tabaci groups found in Ecuador: ECU1, ECU2, and ECU3. In 

this line, if a pairwise distance cutoff of 3.5% as the proposed by Dinsdale et al. (2010) is used, 

the three subclades belonging to the Americas major clade found in Ecuador could be considered 
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by some research groups as different species (Dinsdale et al. 2010, Boykin et al. 2012). 

However, this assumption is premature and future studies on the B. tabaci s.s.g. and the life 

history of these mitotypes will aid elucidate the taxonomic status of these entities.  

Spatial distribution patterns.  

The geographic distribution of B. tabaci mitotypes is shown in Figure 4.2. The range of 

occurrence of the predominant endemic type, ECU1, is broader than that of the exotic B, which 

is seemingly restricted to the tropical grassland areas of the coast of Ecuador. The predominant 

endemic might as well occur in the arid regions of coastal Ecuador but spans towards the tropical 

dry and evergreen forests near the slope of the Andes. 

The distribution of mitotypes when plotted on the isotherm maps available for the 

sampling season, showed that B. tabaci distributes in regions with temperatures above 18 °C. 

The exotic B type appears restricted to temperatures above 25°C, while the predominant endemic 

ECU1 occurs at similar temperature conditions and could also occur at more temperate regions 

with temperatures ranging from 18 to 23 °C. The South America type (ECU2 in Ecuador) also 

occurs at temperate sites in Loja, while the newly recognized mitotype, ECU3, shows a relatively 

broad niche, occurring at hot Islands temperatures (Puna Island) and at temperate areas in Loja 

(Figure 4.3). Further, when the distribution of B. tabaci was studied with basis on altitudinal 

gradients, only the predominant endemic mitotype ECU1 seems to occur at relatively high 

altitudinal levels while the exotic B type appears abundant towards the low areas of the coast 

(Figure 4.4). The ECU2 type was also recorded at a relatively high altitude of ca 500 meters. 
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On the other hand, the distribution of mitotypes was studied as a function of the habitat 

structure and ombrotype horizons of Ecuador. Figure 5 shows that the exotic type of B. tabaci is 

strongly associated to deciduous regions while the predominant endemic spans broader towards 

the evergreen regions. In addition, Figure 4.6 shows that the exotic B mitotype is associated to 

the dry, semi-arid and desert areas, while the predominant endemic ECU1 showed a broad range, 

being detected in the same regions as the exotic B, but also in the humid regions by the slope of 

the Andes. 

The niche modelling predicted the distribution of the exotic B mitotype and the 

predominant endemic ECU1 in Ecuador. The predicted distribution of both mitotypes showed 

overlapping regions in the provinces of El Oro, Guayas, Manabí and Santa Elena. However, the 

endemic mitotype ECU1 exhibited a broader niche range that greatly extended to Esmeraldas 

and Los Rios. Figure 4.7 shows the probability of occurrence of the exotic B and the endemic 

mitotypes in response to suitable environmental variables. Only probabilities above 0.5 were 

used to build the niche range maps showed in Figure 4.7. These niche range approximations 

could serve as baseline for the implementation of eradication and/or integrated pest management 

programs. 

The contribution each of the environmental variables considered to the predicted model is 

summarized in Table 4.1. For the B mitotype, the habitat structure, thermicity index and 

ombrotype horizons contributed 82% to the MaxEnt model. In contrast, habitat structure 

contributed only 6.5% to the model for the endemic mitotype. The top three variables, 
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contributing 74.8% to modeling for the endemic ECU1 mitotype were thermicity index, 

ombrothermic index, and ombrotypes. 

Discussion 

The use of a ~1kb mitochondrial fragment allowed the detection of three phylogenetic 

distinct endemic mitotypes within the Americas major clade and the exotic B mitotype of B. 

tabaci in Ecuador. These mitotypes were found at differentiated niche ranges that could overlap 

in the agroecosystems of El Oro, Guayas, Manabí and Santa Elena. Similar studies in Colombia 

have found only two mitotypes, an endemic, and the worldwide distributed B biotype (Quintero 

et al. 2001). The predominant endemic individuals collected in Ecuador (ECU1) that 

phylogenetically clustered with those from Colombia (Delatte et al. 2005) are closely related to 

specimens previously detected in North and Central America and the Caribbean. Evolutionary 

distances and reference sequences suggest that these phylogeographic groups collectively form a 

single mitotype, the ECU1. A second mitotype is represented by samples previously reported 

from Argentina and Bolivia (Viscarret et al. 2003), and individuals collected from Loja (ECU2) 

at a relatively high altitude. Additionally, a newly recognized mitotype, ECU3, was detected 

from South Ecuador diverging from the previously reported mitotypes in up to 10%. Together, 

these findings support that the diversity of mitotypes in the Americas is greater than previously 

reported, indicative of the large gap in knowledge about the B. tabaci diversity on highly 

endemistic South-American ecosystems. High mitotype diversity has been also found within 

other major clades of B. tabaci such as the Asia II and the Sub-Saharan clades with twelve and 

five reported mitotypes, respectively (Firdaus et al. 2013). 
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To minimize the chance of amplifying pseudogenes, the ~1kb marker used in this study 

seems promising. Pseudogenes or NUMTs (Sunnucks and Hales 1996), are nuclear insertions of 

mitochondrial DNA that result problematic when assessing insect diversity by using small 

fragments of the mitochondria alone. Recently, Tay et al. (2017) concluded that the “MEAM2 

species” is a pseudogene, shortening the list of species proposed by Boykin et al. (2012) to 33 

(Boykin et al. 2017). The fragment amplified in this study exceeds by more than 200 bp the 

currently used marker and given its relatively large size, the chance of amplifying NUMT-

pseudogenes is expected to decrease. 

The predominance of the exotic B and endemic ECU1 mitotypes, detected at 45 and 47%, 

respectively; and their differential geographic distribution; are suggestive of unique adaptive 

capabilities, allowing both mitotypes to thrive in different Ecuadorian ecosystems. In 1991, 

Quintero et al. (2001) found that the endemic population was less abundant at 8.5% sampling 

frequency, however, the samples collected for such analysis were mainly from cultivated plants 

such as: cabbage, cotton, eggplant, pumpkin and tomato. In this study, low incidence of the 

ECU1 type was also detected from several cultivated hosts such as melon, watermelon, pepper, 

soybean, tobacco and tomato. The exotic B and the endemic ECU1 exhibited a broad host range, 

being collected from 23 and 15 plant host species. Despite all host families have been previously 

reported, novel host species for the endemic types are cassava, and the shrubs Wigandia crispa 

and Cordea Lutea, the last two members of the family Boraginaceae. The suitability of cassava 

as a host, was first studied by Costa and Russell (1975), who reported that mitotypes from the 

Americas are incapable of colonizing this crop, however, their progressive adaptation to this crop 

was later reviewed by Carabeli et al. (2004). In Ecuador, cassava is an important crop in the 
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provinces of Esmeraldas, Los Rios and Santo Domingo and the presence of endemic B. tabaci 

raises concern given its known ability to transmit the cassava mosaic disease in Africa (Legg and 

Fauquete 2004). The exotic B biotype was also collected feeding on cassava, but its incidence 

was lower than the endemic ECU1 type. The other endemic mitotypes, ECU2 and ECU3, were 

restricted geographically to the south of Ecuador, and the latter was also collected from 

Wigandia crispa, a novel B. tabaci host reported for the first time. 

The exotic B and endemic mitotypes can be found alone or mixed in the studied 

ecosystems of Ecuador. The most obvious pattern consisted of the exotic B infesting a 

monocrop, while the surrounding weeds and non-crop species serve as host for the endemic 

ECU1. Further, the fact that the exotic B is strongly associated to cultivated areas of Guayas, 

Manabi and Santa Elena might indicate that this type could potentially be serving as vector of 

several Geminivirus species previously reported in these locations (Ibarra 2012, Paz-Carrasco et 

al. 2014). This distribution pattern in cultivated areas may explain the low occurrence of the 

endemic ECU1 in Colombia reported by Quintero et al. (2011), who mainly collected individuals 

associated to crop fields. 

The niche range estimations suggest that the predominant endemic mitotype, ECU1, 

poses a broader niche range than the exotic B in Ecuador. The observed distribution of the 

widespread endemic ECU1 mitotype, absent from monocrops but present in nearby weeds and 

humid regions of Esmeraldas and towards the slope of the Andes, support the hypothesis that a 

competitive exclusion of the endemic ECU1 has taken place following the introduction of the 

exotic B in the 1990s. However, the adaptive capacities of the ECU1 hypothetically allowed their 
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expansion towards humid regions of west Ecuador (Zang et al. 2006). Liu et al. (2007) studied a 

similar system in China and showed that the increased fitness of the B type led to female 

progeny bias and asymmetric mating that rapidly shortened an endemic Asian population. 

However, the competitive exclusion of the endemic ECU1 in Ecuador seems restricted to 

agroecosystems of the tropical grassland of west Ecuador. 

The displacement of the endemic ECU1 from crops and its subsequent niche expansion 

could also be explained by differential tradeoffs between fitness and defense against natural 

enemies observed in invasive versus endemic species (Kraaijeveld and Godfray 1997). 

Generally, invasive species increase fitness by decreasing defense against natural enemies in 

introduced regions (Sakai et al. 2001), instead, endemic types have an increased defense but 

decreased fitness in their endemic habitat. Therefore, is it hypothesized that although the exotic 

B displaced the endemic ECU1 from monocrops, their increased defense against natural enemies, 

including entomopathogens, allowed the endemic ECU1 expansion into the humid and temperate 

regions near the slope of the Andes. 

Other factors that could potentially alter the mitotypes distribution in Ecuador, such as 

insecticide resistance (Elbert and Nauen 2000, Horowitz et al. 2005, Wang et al. 2010) and 

symbiotic composition (Himler et al. 2011), are yet to be studied. The fact that the exotic B 

predominates in crops from the tropical grasslands of Ecuador where resistance have been 

reported (Cardona et al. 2001), suggest the endemic are likely susceptible and thus restricted to 

surrounding weeds and non-traditional host (i.e: Carica papaya, Morinda citrifolia, etc.). 

Additionally, given that the displacement of a native type could be driven by increased female 
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population of the exotic type (Liu et al. 2007), the study of symbiotic prokaryotes that 

manipulate the host reproduction in Ecuadorian populations is warranted.  
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Table 4.1. Estimates of relative contributions of the environmental variables to the Maxent 

model 

  Percent contribution 

Variable B ECU1 

Habitat structure 47.2 6.5 

Thermicity Index 23.3 46.4 

Ombrotype Horizons 11.4 9.6 

Ombrothermic Index 7.4 18.8 

Precipitation 3.9 1.6 

Temperature 3.9 7.7 

Thermotype Horizons 2.9 9.4 

Altitude 0 0 
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Figure 4.1. Phylogeny of the B. tabaci s.s.g. in Ecuador. Relationships were reconstructed using 

a Bayesian approach based on an 832 bp fragment comprising the 3’ half of the mitochondrial 

COI gene and the transfer RNA Leucine gene. Highlighted clades correspond to clusters that 

contain sequences from Ecuador, while the other clades comprise reference sequences. Closed 
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circles in nodes represent posterior probabilities above 95%. ECU1, -2 and -3 correspond to 

Ecuador populations clustering within mitotypes of the major Americas clade. Roman numbers 

depict major clades as described by Brown (2010), not shown Sub-Saharan [I and II] major 

clades. 

 

Figure 4.2. Distribution of Bemisia tabaci and non-Bemisia whitefly mitotypes in nine provinces 

of the western and coastal region of Ecuador. A) The distribution of the B mitotype is indicated 

A B 
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as yellow circles, and the predominant endemic ECU1 mitotype is indicated as red circles. B) 

Locales where the introduced B and ECU1 were detected mixed are shown as green circles, the 

B type occurring together with the predominant endemic mitotypes, ECU2 is indicated as a 

magenta circle, ECU3 is indicated as orange circles, and the several non-Bemisia species, are 

indicated as light blue circles.   
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Figure 4.3. Distribution of mitotypes according to isotherms corresponding to the monthly 

average temperature from July 2014.  A) the exotic B type, B) the endemic type, ECU1, C) 

mixed populations of the B and the endemic ECU1, D) The newly recognized ECU3 mitotype 

detected in this study, E) ECU2, also detected in Argentina and Bolivia, F) the non-B. tabaci 

species. The exotic B appears restricted to the hottest areas while the endemic type could span 

towards the cooler areas at the slope of the Andes. The newly recognized mitotype, ECU3, has 

apparently a diverse range as was found in the Puna Island with a high average temperature and 

in the cooler region of Loja, south Ecuador. The ECU2 was only found in Loja at an average 

temperate climate. The non-B. tabaci species apparently prefer the cooler regions towards the 

slope of the Andes. 

 

  

Legend: meters. 
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Figure 4.4. Distribution of mitotypes according to altitudinal isolines. A) The exotic B type, B) 

the endemic type, ECU1, C) mixed populations of the B and the endemic, D) The newly 

recognized mitotype, ECU3, E) The ECU2, detected only in South America, F) the non-B. tabaci 

species. The exotic B appears restricted to the low elevated areas while the endemic could spans 

from zero to 600 meters above the sea level. The ECU2 appears restricted to higher altitudes in 

Loja. 
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Figure 4.5. Distribution of mitotypes according to habitat structure. Yellow dots represent the 

exotic B type; red shows the distribution of the predominant endemic type, ECU1; green depicts 

mixed populations of the B and the ECU1; magenta shows the ECU2 population; orange 

represents the newly recognized type ECU3; and light-blue shows the distribution of non-B. 

Habitat Structure 
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tabaci samples. The exotic type is strongly related to deciduous and semi-deciduous regions 

while the predominant endemic spans towards the evergreen and stationary evergreen regions by 

the slope of the Andes. 
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Figure 4.6. Distribution of mitotypes according to ombrotypes. Yellow dots represent the exotic 

B type; red shows the distribution of the ECU1 type; green depicts mixed populations of the B 

and the ECU1; magenta shows the locale where the ECU2 was detected; orange represents the 

newly recognized ECU3; and light-blue shows the distribution of non-B. tabaci samples. The 

exotic type appears predominantly present in the dry, semi-arid and desert regions of Ecuador, 

while the ECU1 spans broader and could be found in humid regions around the slope of the 

Andes. The non-B. tabaci individuals, mainly associated to cassava crops were also recorded in 

similar climatological regions. 
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Figure 4.7. Prediction of the distribution of the exotic B (A) and the predominant endemic ECU1 type (B) mitotypes in 

Ecuador using maximum entropy modelling. Probability corresponds to the predicted chance of occurrence of a mitotype in 
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response to suitable environmental conditions. The niche range of the endemic type is broader than the invasive type, which is 

apparently restricted to short crop cultivated areas of El Oro, Guayas, Manabí and Santa Elena. 
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Figure 4.8. Niche range of B. tabaci mitotypes in Ecuador. The distribution of the exotic B (A) and the predominant endemic 

ECU1 type (B) mitotypes was plotted with basis on MaxEnt probability values above 0.5. Probability corresponds to the 

predicted chance of occurrence of a mitotype in response to suitable environmental conditions. 
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